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Abstract
Grasping is a useful ability that allows manipulators to restrain objects to a de-
sired location or trajectory. Whole arm grasps are grasps that use the entire
surface of the manipulator to apply contacts to an object. The problem of de-
termining the shape of an object and planning a grasp for that object with a
snake-like robot are considered in this work. Existing algorithms that attempt to
allow robots to plan and perform whole arm grasps are lacking, they either use re-
strictive assumptions or have unrealistic demands in terms of required hardware.
The work presented here allows even the most basic of robots to plan grasps on
unknown objects whilst using a minimum of assumptions.
The new developed Octograsp algorithm is a method of gaining information
regarding the shape of the object to be grasped through tactile information alone.
This contact information is processed using an inverse convex hull algorithm to
build a model of the object’s shape and position. The performance of the al-
gorithms are examined using both simulations and experimental hardware, it is
shown that accuracy errors as low as 3.1% can be obtained. The accuracy of the
model depends upon factors such as the complexity of the object and the suit-
ability of the robot. Manipulators consisting of a large number of small links with
relaxed rotational constraints outperform other configurations. It is also shown
that the accuracy can be improved by between 11% and 17% by contacting the
object from multiple orientations, whilst also encircling from multiple positions
can provide a very large improvement of between 56% to 86%. These methods al-
low even the coarse contact information provided by the experimental equipment
to attain a model with an accuracy error of only 26%.
A second novel algorithm is described that uses the information provided from
the first algorithm to plan strong grasps over the desired object. The algorithm
takes, on average, 25.1 seconds to plan the grasp. The mean strength of the
planned grasps is 0.3816 using the wrench ball measure, this is firmly in the very
good region. Several robotic configurations, as well as objects, are used to test
the performance of the algorithm. The optimal parameters of the algorithm are
investigated by using the results of 51030 different tests. It is again shown that
robots that consist of a large number of small links and with high rotational
ability perform the best.
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Chapter 1
Introduction
Grasping is an extremely useful ability that humans, and indeed some animals,
use often. Grasping allows an object that performs the grasping (termed a ma-
nipulator) to constrain a second object to a desired position or trajectory. This
grasping action allows further manipulation to be performed on the grasped ob-
ject. Whole arm grasping is one of two forms of grasping (Napier, 1956), either
of which could be employed in robotics to aid robots in manipulating a wider
range of objects (Salisbury, 1988). The second type of grasping is called finger-
tip grasping, where the manipulator uses just the tips of the robot’s appendages
to constrain the object. In contrast, whole arm grasping uses the entire surface of
the manipulator to provide contacts between the object and manipulator. This
thesis describes strategies that can be used to allow snake-like manipulators to
perform whole arm grasping without requiring complex actuators or sensors.
1.1 Motivation for research
Due to usefulness of the grasping ability, over twenty years of research have been
applied to the problem of planning robotic grasps. The focus of this previous
research has been on approaches that use hand-like robotic manipulators that
only use the tips of each finger to apply contacts (Bicchi and Kumar, 2000).
Finger-tip grasping allows for the placement of a finite number of contacts that
can be placed independently of each other. This style of grasping is termed
precision grip, or finger-tip grasping, and is a useful method of grasping as it
allows for precise and delicate grasps (Napier, 1956). An alternate method, called
a power grip or whole arm grasping, uses the entire surface of the manipulator
to apply contacts to the object. This allows for stronger and more robust grasps
(Salisbury, 1988) and also allows for an increased load capacity (Asano et al.,
2003). However, current research into methods allowing robots to perform whole
arm grasping are lacking as they make use of restrictive assumptions (see section
2.8).
Existing implementations of grasping devices are not much more than pincer-
like grippers that are used for highly specific manipulation tasks (Sciavicco and
16
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Figure 1.1: An example industrial grasping robot (Telerobotics, 2009)
Siciliano, 2005). These grippers provide a limited whole arm grasp that will
consist of a small number of contacts, the precise number depends on the shape
of the object and gripper but could be as low as two contacts. The grippers
operate by moving the opposing pincers of the end-effector together until the
object is captured between them. Enough force is then applied through these
contacts such that friction between the object and the gripper stops the object
from slipping (Sciavicco and Siciliano, 2005). Damage could be caused to delicate
objects due to the high pressure exerted at these contact points. An example of a
pincer-like gripper available to buy is the Kraft Rapter (Telerobotics, 2009), Fig.
1.1.
Finger-tip grasping research has progressed to the point where physical sys-
tems are beginning to be built that can plan grasps for objects rather than relying
on a brute-force approach, these are described in section 2.3. Whole arm grasping
research has been an active robotics research topic since 1988 (Salisbury, 1988)
but it has yet to have the same amount of interest as finger-tip grasping, much
therefore remains to be discovered about the best approaches. This lack of re-
search may partly be due to there being more interest in human-like hands. It
may also be due to the added complexity in whole arm grasping over finger-tip
grasping, the contacts can not be positioned independent of each other as the
manipulator is one single length. Most existing whole arm grasping approaches
require extensive prior knowledge or sophisticated sensors (see section 2.4) that
are themselves topics of research and as such there is also little research that has
progressed beyond simulations.
To summarise, the motivations for researching whole arm grasping are two
fold, firstly, whole arm grasping is an extremely useful ability that would provide
CHAPTER 1. INTRODUCTION 18
significant benefits to manipulator robots, an example would be a new type of
surgical robot that could delicately grasp and interact with soft and slippery
tissue. Secondly, there is a distinct lack of existing work that details actual
practical methods for carrying out this ability.
1.1.1 Whole arm grasping
The definition of a grasp is the application of contacts to an object such that any
force applied externally to the object can be countered by selectively applying
forces through those contacts (Salisbury and Roth, 1982). There are four stages
to attaining a grasp (Bard et al., 1991): identifying the object, planning a grasp,
moving the manipulator into position and countering external forces. Identifying
the object to be grasped entails finding the object’s position, orientation and
geometry. Once the object has been identified, a strong grasp can then be planned
using that information, a strong grasp being a grasp that requires minimal effort
from the manipulator to resist external forces acting on the object. With the
grasp planned the manipulator should then move into that desired position at
which point the manipulator can then proceed to actively resist any forces acting
on the object (e.g. gravity).
There are several difficulties with whole arm grasping that need to be over-
come. Firstly, a whole arm grasping robot is typically highly redundant, i.e. one
long chain of actuators with many links, which is more than would be used in a
finger-tip grasping manipulator. This means that the dynamic effects caused by
coupling between links become much more dominant and, as such, the manipu-
lator becomes that much more difficult to control. A second problem, again due
to the serial nature of the robot and the coupling of the links, is how the place-
ment of contacts on the object affect the placement of subsequent contacts. The
placement of the proximal links of the arm will affect the possible places that the
more distal joints can be placed and vice versa. The last problem, exasperated
by the redundant nature of snake-like robots, is that there will be a vast quantity
of possible grasps and as such some method of choosing optimal or good grasps
is required.
Ideally, whole arm grasping algorithms should not require special sensors or
actuators as this adds additional problems, such as cost, and restricts the use of
the algorithms to robots that have that specific set of equipment. The algorithms
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should also try to minimise how far the object is disturbed from its initial posi-
tion to minimise the risk of damage to the object, but this necessitates control
algorithms that are quick, delicate and accurate; a significant task in itself.
It follows then that what is required is a method for providing whole arm
grasps, that can be applied to a wide variety of actuators and does not require
any sophisticated sensors or prior knowledge. These methods should be able to
provide a strong but delicate grasp on a wide variety of objects, i.e. the object
should be minimally disturbed during the grasping process, and the grasp should
also be efficient in terms of how much effort is required to resist external forces
acting on the object. The robotic control algorithms involved need good position
accuracy but must also have a controlled dynamic contact behavior to allow for
the inevitable contacts between the manipulator and object. The methods for
planning must be able to handle the kinematic coupling between joints that limits
the choice in positioning subsequent links of a robotic manipulator.
1.1.2 Potential applications
The potential number of applications of this work is vast as it is a general ability
that will be useful for many everyday tasks and aid many other less mundane
tasks. This work will allow a single robotic manipulator to grasp a wider range
of objects than is currently possible and, therefore, a single manipulator may
be able to replace several existing robots on industrial manufacturing lines by
being able to perform all their individual tasks. The methods will also be useful
in invasive medical operations where a long and slim robotic gripper would be
attractive over a traditional gripper as it would require less room to enter and
move around the body. The fact that whole arm grasps spread the contact forces
over a larger area means that less pressure, and therefore less damage, will be
applied to delicate internal organs.
A second large application area is hazardous environments (such as inside
volcanoes, damaged or unstable buildings, nuclear reactors and space) where it
may be advantageous for one robot to do many jobs. Whole arm grasping will
allow the robot to maximise the range of objects the manipulator can interact
with, this will lessen the need to develop expensive and highly specialised grippers
that, if become broken during the course of normal operation, can cause the robot
to become useless.
Of course, whole arm grasping does not negate the ability to use a specialised
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end-effector so all these benefits can be used in cooperation with existing and
future robotic technologies allowing for a more efficient use of any particular
robot. The work shown in this thesis is applicable to any manipulator that
is formed from a set of actuators connected in serial, called here serial chain
manipulators, but is also ideal for modular robotics. Modular robotics is the
term for any system where there are a number of parts that can combine in
many different manners. Each module can be identical or can perform completely
different tasks to each other. A modular robot could make use of the work
contained here by simply forming into a serial chain (as they are often designed
to do) and employing the algorithms described here, thereby giving an extra
useful skill for no extra physical cost.
1.2 Aim and objectives
The aim of this work is to develop methods that allow serial chained manipulators
to explore, analyse and plan whole arm grasps for a wide variety of objects.
The methods should find strong grasps for any serial chained manipulator, use
no prior knowledge of the object geometry or its precise location, should not
use unnecessary assumptions and should not require the use of non-commonly
available technology.
1.2.1 Research objectives
The research aim can be broken down into the following sub-objectives:
• Research and assess existing representation and quality measures of grasp-
ing for applicability to whole arm grasping
• Develop a grasp quality measure if no existing measure is suitable
• Research methods of robotic control that can be used to position redundant
manipulators, whilst also having a controlled dynamic behaviour when tran-
sitioning between free space motion and contact between objects
• Research, develop and test a method for encircling an object that can attain
contact information regarding the object being grasped
• Research, develop and test a method for accurately discovering the shape
of an object from contact information
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• Analyse the difference between finding good and optimal grasps with respect
to the strength of the grasp and the time taken to plan
• Research, develop and test a method that can plan good/optimal whole
arm grasps
• Research the design considerations that affect the performance of a whole
arm grasping robot
• Any developed algorithms must:
– not require complex actuators or sensors
– run in real-time or near real-time
– make use of a minimum of assumptions
– only minimally disturb the object from its initial position
1.3 Research contributions
The contributions of this work are towards developing control methods that can
be employed on existing and currently available technology rather than assuming
the use of theoretically possible but not commonly available technology. This
means that the developed methods work with commonly available actuator tech-
nology, such as electric motors, and requires sensors no more complicated than
potentiometers, which are used to measure the angular rotation of each joint.
Likewise, many of the restrictive assumptions used in the existing body of work
are not employed, thereby ensuring that the control methods are usable in the
widest range of situations. Due to the modular nature of the work, individual
components of this work can be replaced or modified, perhaps to make use of new
technology, and the remaining modules will still operate as desired. The lack of
assumptions used throughout this thesis is also a novel aspect of this work.
Due to the use of unreasonable assumptions or demands on the technology,
existing work in this field largely considers only simulated robots. This work has
not made those same demands and so both hardware experiments and simulations
are used to assess the quality of the control methods proposed. The fact that the
control methods can be used on modern day technology is a novel aspect of this
work.
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This thesis also contributes to the knowledge of how the configuration of a
robotic manipulator affects the quality and speed of the grasping process. This
allows engineers to design high performance robots for the task of whole arm
grasping. In a similar manner, an investigation into how the object’s structure
affects the grasping process is also performed allowing robot designers further
insight into how to design a better grasping robot. Both of these investigations
are novel and extend the level of knowledge available to the robot designer.
Current grasping research is largely concerned with hand-like robotic manip-
ulators. The consideration of singular serial manipulators is therefore novel and
has the potential to be useful in a variety of applications.
Papers published
Work from two of the chapters of this thesis has been published and presented
at key international conferences. The following information details the names of
the papers and where they are published and presented. The papers are shown
in appendix C and D respectively.
David Devereux, Paul Nutter, and Robert Richardson. Reactive and pre-
planned encirclement for whole arm grasping. In 7th IEEE Int. Conf. on Indus-
trial Informatics, 2009. The work in this paper is covered in Chapter 4.
David Devereux, Paul Nutter, and Robert Richardson. Determining an ob-
jects shape with a blind tactile manipulator. In IEEE/RSJ International Confer-
ence on Intelligent Robots and Systems, 2009. The work in this paper is covered
in Chapter 5.
1.4 Summary
This chapter has introduced the topic of grasping and whole arm grasping. The
first major motivation for investigating and developing whole arm grasping control
methods is to raise the level of knowledge such that the whole arm grasping ability
can be used in actual hardware (as opposed to just simulation work). The second
motivation is to allow whole arm grasping to be carried out via the widest possible
range of snake-like robots and on the widest range of possible types of object. The
problems with whole arm grasping were introduced and are caused mainly by the
redundant nature of the arm and the interdependency between the links of the
arm. Both of these problems complicate the problem of planning and attaining
a grasp when compared with finger-tip grasping. The aim for this work has been
described and from these a set of objectives have been laid out that are to be
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used to measure the success of this work upon completion.
1.5 Thesis guide
The remainder of this thesis presents the work in the order in which grasping is
carried out.
Chapter 2 discusses the relevant literature with the aim of describing the ba-
sic principles and the current state-of-the-art methods of both finger-tip grasping
and whole arm grasping. The chapter starts with a discussion of how grasping
takes place in nature and develops to show how grasps are represented in robotics
research. This then moves onto a discussion of how to select a grasp given a robot
with independent fingers, which in turn moves onto a more specific discussion of
how whole arm grasping is carried out. The previous discussions all rely on the
assumption that the object’s shape is known before the grasp is planned, methods
for exploring the shape of the objects are therefore also discussed. The chapter
ends with a discussion regarding a variety of more classical robotic topics such as
actuator and control theory.
Chapter 3 describes and characterises all the robotics equipment, both sim-
ulated and real, used at any point in this thesis. This includes discussions of
the physical dimensions of the robots and also their physical capabilities. Also
described in this chapter is the development of a camera based tracking system,
which was used throughout this work to monitor the impact of the physical ma-
nipulator against the object to be grasped.
Chapter 4 discusses a method of encirclement that has been developed whose
purpose is to provide initial contact with the object and to get the manipulator
into a good starting position for a grasp. The contact information provided by
this method is used to build a representation of the object’s shape that can be
used in further stages of the grasping process. Both simulations and physical
experiments are used to evaluate the success of the algorithms.
Chapter 5 takes the object information discovered in the previous chapter
and describes ways in which a good grasp can be planned for any given ma-
nipulator and object. This chapter also describes the work accomplished into
discovering the areas in designing a robot for whole arm grasping that are crit-
ical. This provides to robot designers the information they need to build high
performance whole arm grasping robots.
Chapter 6 ends this thesis by summarising the results of this work, evaluating
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the success against the objectives in section 1.2.1 and discussing future work that
could be accomplished.
Chapter 2
Background Literature
The existing body of work concerning whole arm grasping extends over a broad
area of research interests. This chapter will describe the relevant works such
that the terminology used throughout this thesis is defined. The contrasting
approaches to the various works will be described and their strengths and weak-
nesses will be highlighted. In this body of work the object to be grasped will
often be referred to as just the object. Manipulator or robot will be used inter-
changeably to mean the whole equipment setup that is controlled to gain a grasp
over the object, whether hardware or simulated.
Many attempts at producing grasping algorithms seek inspiration from the
natural world where all manner of creatures employ different grasping techniques.
Alternatively, many researchers avoid biologically inspired approaches and take
a more mathematical approach to grasping. Therefore, section 2.1 of this review
describes works concerned with investigating methods of grasping found in nature
such as an elephant’s trunk or the arm of an octopus. Section 2.2 describes the
method of mathematically representing grasps used in nearly all other research
in the field of grasping and indeed in this thesis as well.
There is also a choice to make concerning the type of grasping to perform.
The first option is to take an interest in grasps where the contacts that are applied
to the object can be placed independently of one another, this method is called
finger-tip grasping. The second option is too look at whole arm grasps, where
the applied contacts are dependent upon each other. These two approaches are
demonstrated in Fig. 2.1. The left hand cup (Fig. 2.1a) is being grasped using
five fingers. Each finger can apply a contact independent of any other finger,
which allows each finger to move around the surface of the object or completely
away from the object without needing to affect the position of any of the other
fingers. The right hand object (Fig. 2.1b) is being grasped using the entire surface
of the manipulator, in this case a hand. Fig. 2.1 can be used to demonstrate the
difficulties caused by the dependant nature of the contacts in whole arm grasping.
If it was decided that a better grasp could be attained if one of the contacts of the
whole arm grasp was shifted slightly, then all of the remaining contacts would also
25
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Figure 2.1: Two grasps, a) independent contacts, b) whole arm grasp
need to move as they are all connected to one another. In contrast, if the same
decision was made in the independent contacts situation then each of the contacts
can be made to move around their current locations without affecting the other
contacts at all. It is only after larger movements that the other contacts begin
to require additional movement as well. This fact is often ignored in the existing
literature for simplicities sake. Each of the two approaches will be discussed in
more detail: section 2.3 concerns itself with the study of independent grasps as
they contain work relevant to whole arm grasps as well. Section 2.4 looks at
works wholly concentrating on whole arm grasps.
The last few sections contain works that, although not wholly concerned with
grasping, do have relevant information to consider. Section 2.5 describes methods
of gaining information regarding an object’s shape; useful for planning a grasp
without prior knowledge of that object’s shape. The next two sections describe
the different actuators available and their relevance to whole arm grasping (2.6)
and the different control algorithms available (2.7). Lastly, section 2.8 summarises
and discusses the various assumptions used throughout the existing literature.
2.1 Grasping in nature
Some animals are able to grasp items using relatively simple, but flexible limbs,
for example an elephant’s trunk or the arms of an octopus. Some animals, such
as snakes, are even able to grasp items without the use of a dedicated gripping
manipulator and it is these animals that show that whole arm grasping can allow
manipulators to grasp without the need of specialised fingers or grippers.
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Constriction in snakes is a form of whole arm grasping where prey is kept
contained by the applied pressure from the snakes body (Greene and Burghardt,
1978). The snake loops its body around the prey several times to form a coil,
the coil provides a large amount of contacts through which the snake can apply
a great deal of pressure. Several different methods of coil application patterns
were observed by Greene and Burghardt, with different breeds of snakes showing
variability in their movements. Due to the fact that there is no static base to the
snake, i.e. the snake is not anchored to the ground, the prey is shifted around by
the constricting action and this often damages the prey.
Moon (2000) takes a more in-depth look at the muscular makeup and the
control required for constriction in gopher snakes. Moon highlights the incredible
pressure that can be exerted by a snake (6.1 to 30.9 kPa) which when applied to
small mammalian prey is ten times larger than venous pressure. The relationship
of pressure (ρ) to force (F) is related to the amount of surface area (A) as given
by ρ = F
A
. Lowering the surface area (i.e. a finger-tip grasp), but maintaining
the same pressure, can only be accomplished by also lowering the force, which
may allow the object to slip from the grasp. Increasing the applied force to keep
hold of the desired object may result in a pressure that could damage the object,
which may be an undesirable result. This highlights the advantage of whole arm
grasping, by distributing the force over a wider area you can apply larger forces
at lower pressures. The increased force increases the amount of frictional force at
each contact and this will aid in restraining the object (see section 2.2.1.2). Moon
also reports that each joint in the snake’s body has a maximum rotational limit
of 33◦, which, when compared to rotational joints on robots that can commonly
exceed 90◦, is rather limited. This fact hints that the rotational limitation of the
snakes joint may be compensated by the large number and small size of each joint
allowing tight coils to be made.
There have been many attempts to replicate snake-like movements in robotics,
such robots being thin and flexible would have advantages in tight environments
that require great maneuverability (Hirose et al., 1991; Hirose, 1993). The quality
of such robotics has increased to the point were actual robotic manipulators are
now available commercially, one example being the snake-like robots built by OC
Robotics (OCRobotics, 2006), these are designed for industrial applications in
confined spaces. Interesting new actuator developments have also led to more
attempts at producing snake-like robots, a specific example is by Liu (2004),
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where shape memory alloys have been used as actuators for modular segments of
a snake-like robot. Their developed robot is not made to perform any grasping
actions within their work but should be perfectly capable of doing so as long as
the shape memory alloys are capable of outputting enough force. A more in-depth
discussion of different actuator types is presented in section 2.6.
There is also a similar interest in octopus arms and this is perhaps better
related to this research as an octopus does not attempt to constrict its prey, it
instead constrains the object. Again, everything from the electrical properties of
the octopus muscle (Matzner et al., 2000) to the physical layout and operation
of the muscles (Yoram et al., 2002) have been examined. The arm itself operates
in a pneumatic manner with bundles of fibres that can contract independently
allowing certain sections of the arm to be bent because they are contracted more
than others. This kind of method works well underwater were the buoyancy
provided by the water lessens the need for support structures such as a skeleton.
A similar pneumatic actuator could be used for potential underwater grasping
applications, however, out of water such a robot may not be able to support its
own weight. The octopus has also inspired robots and algorithms (McMahan
et al., 2004) and these will be discussed in more detail in section 2.4 where all
the whole arm grasping methods are discussed.
Research into human grasping has been performed extensively, as an example
Napier (1956) was interested in the different ways in which a human hand per-
forms grasping actions. Napier described the two approaches as a precision grip
and a power grip, these are now more commonly called fingertip grasping and
whole arm grasping (or whole body grasping) in the robotics literature and will
be used as such within this thesis. These grasps were named for their so-called ad-
vantages, i.e. precision grasps provide delicate and precise contacts, whilst power
grasps create strong grasps that can withstand and apply large forces acting on
the object. Bock (2010) took the study of human grasping a step further by
observing all the possible ways a human hand can grasp different shaped objects.
Bock demonstrated an example of each type and lists how the fingers are organ-
ised and how opposition groups and virtual fingers are organised. Virtual fingers
are groups of appendages that act in unison such that they act as if they were
one finger. An opposition group is formed from two or more fingers that work
together to perform a pinching movement that applies the required force to the
object in order to grasp it. These approaches have limited applicability to whole
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arm grasping as presented in this thesis as it suffers from a lack of generality. The
approaches are manipulator specific as they require specific knowledge of how the
manipulator is formed or assume that the structure is exactly as required. For
example, Bock’s work requires that the manipulator is human hand shaped, any
other manipulator would require modifications to the algorithms in order for them
to work. Grasping in nature is also highly dependent on the soft contacts that the
hand/appendage applies and on the sophisticated nerves in the appendage that
can monitor forces, contact positions and slippage. Current robots must make
do without the sophisticated sensory equipment as such equipment is still under
development and is still very much at the research phase (Stiehl and Breazeal,
2006). It is also not possible to assume that the robot performing the grasping
will have a soft outer skin that will provide a soft contact on the object. The
importance of soft contacts in grasping is discussed in section 2.2.1.2.
Any grasping process has been shown to be decomposable into three stages
(Bard et al., 1991). The first stage is to identify the object to be grasped, its
location and its geometric shape. The second stage performs a reaching movement
that moves the manipulator into position such that the third stage, grasping the
object, can be performed. This decomposition is not the only decomposition
possible. For example, Torres and Zipser (2002) state that neuroscientists break
down the grasping process by separating out the sensory and motor stages and
attempting to map that to brain processes. The decomposition by Bard et al.
(1991) has been used in this work but with one further decomposition to take
into account the fact that a grasp needs to be planned before it can be attained:
1. Identification, modelling and localisation of object to be grasped
2. Plan a grasp
3. Attain that grasp
4. Compensate for any external forces acting on the object
The reaching phase is located within step three, attaining a grasp. The extra
step at two is planning the grasp, the brain does this planning automatically but
this step is required for computer controlled grasping.
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Figure 2.2: An example contact and the forces / torques involved
2.2 Grasping fundamentals
In this section the most common method of representing grasps for mathematical
use will be explained. Many of the papers to be discussed on the matter of finding
finger-tip grasps use this method and the method can also be used to analyse
whole arm grasps. This method has not always been used but even in early work,
such as in the work by Chen et al. (1992), a more restricted representation can be
seen. Chen et al’s method is restricted to consideration of only three fingers but
it is quite easy to see how the more elegant method of representation appeared
out of this early work.
2.2.1 Representing grasps
At each contact between the manipulator and object there is a force applied to
the object fi with an equal but opposite reaction force acting on the manipulator.
Each applied force causes a torque τi around the centre of mass of the object that
depends on the position vector of the contact position relative to the centre of
mass (CoM) of the object (see Fig. 2.2). The torque and force due to a contact
can be combined into a single vector called a wrench (Liu, 1999), wi:
wi =
(
fi
τi
)
=
(
fi
ri × fi
)
, (2.1)
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where ri is a vector measured from the centre of mass of the object to the position
of the contact point i. The set of all contact wrenches forms the wrench space.
Salisbury and Roth (1982) found that if the origin of the wrench space lies
within the convex hull of the contact wrenches, then the grasp is force-closure. A
force-closure grasp is a grasp where for any external disturbance wrench acting on
the object it is possible to generate a force through the contact wrenches that can
counteract the external wrench. This is accomplished by modifying the magnitude
of the applied contact forces. If the origin is not contained within the convex hull
of the contact wrenches then there are certain external wrenches that cannot be
countered with contact forces, the consequence being that for certain external
forces acting on the object the object will slip away from the manipulator. For
a grasp to be stable any external wrench, wext, must be balanced by the contact
wrenches (Liu, 2000),
N∑
i=1
wi + wext = 0. (2.2)
The strength of the applied contact can be stripped away from the direction of
the applied contact as it is only the directional elements of the applied wrenches
that determine whether an object is grasped or not. This is accomplished by
making wi a unit direction vector and adding strength coefficients ai into the
equation to give
N∑
i=1
aiwi + wext = 0 ai ≥ 0 (2.3)
Each of the coefficients, ai, must be greater than zero as no contact can exert
a pulling force only a pushing force.
2.2.1.1 Convex hulls
Two examples of convex hulls will now be shown in order to demonstrate what
exactly a convex hull is. The first example is a square two dimensional object
that has been contacted five times on each side in arbitrary positions. A pictorial
representation is shown in Fig. 2.3, each of the blue lines represents one contact
with the direction into the black square representing the direction of the applied
force. The second example is the same square as in the first example, but is only
contacted on three of its four sides (Fig. 2.4). Currently, a frictionless situation
is being considered and, because of this, only the first case forms a grasp as the
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Figure 2.3: A square object contacted on all four sides multiple times in arbitrary
positions
second example leaves one side where sliding could occur. The convex hull of the
wrench space will demonstrate this more clearly.
A convex hull of a set of points is the subset of those points, and the connec-
tions between them, that can be used to form the smallest possible shape that
contains all of the points in the set. The convex hull of the wrenches demonstrates
the ability of that particular grasp in resisting forces. The larger the convex hull is
in a certain direction the easier it is to resist external forces in that direction. For
instance, the convex hull of the example shown in Fig. 2.3 is shown in Fig. 2.5.
The convex hull spreads in all directions and contains the origin of the wrench
space and as such that grasp is said to be a force closure grasp. The convex hull
of the second example, Fig. 2.4, is shown in Fig. 2.6 and does not spread into
the negative x-axis direction and as such cannot resist any forces acting in that
direction. This makes intuitive sense when comparing Fig. 2.4 with Fig. 2.3,
there is a lack of forces attached to the side of the shape that would provide the
negative x-axis forces.
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Figure 2.4: A square object contacted on only three sides multiple times
Figure 2.5: Convex hull of the four sided contact example shown in Fig. 2.3, the
wrenches span all directions
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Figure 2.6: Convex hull of the three sided contact example shown in Fig. 2.4,
the wrenches do not span the -ve x axis
2.2.1.2 Frictional contacts
The previous representations made the assumption that the contacts are fric-
tionless. This effectively meant that the applied contacts can only apply a force
directly normal to the tangent at the surface contact point. In reality, contacts
will have an amount of friction and the study and use of contact models has there-
fore been examined by researchers. Nguyen (1988) provides a good summary of
the different sorts of contact models that can be employed, as the level of accu-
racy increases so does the complexity, the following list is in-order of increasing
accuracy/complexity:
1. Frictionless - the contact can only apply a force along the surface normal
otherwise slippage occurs - Fig. 2.7a.
2. Hard-finger contact - this type of contact can be imagined as a point
contact with friction between the two items. Forces located anywhere within
the friction cone (Fig. 2.7b) will be stable and not slip.
3. Soft-finger contact - this is the most accurate but also the most compli-
cated representation. The contact is modelled as having an area in contact
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Figure 2.7: The three different representations, original figure from Nguyen (1988)
with added annotations
with the object, which means that rotations around the friction cone are
now possible - Fig. 2.7c.
The majority of the literature makes use of the hard-finger model. The addi-
tional complexity of the soft-finger model, as well as the fact that many robots
may not have soft contacts, has made its use undesirable so far. The principle of
a friction cone is further illustrated for a two dimensional case in Fig. 2.8. A fric-
tion cone is a simple method of representing those applied forces that will remain
stable and not cause slippage. The frictional coefficient (µ) determines an angle
(α) that in turn specifies the maximum angle between the applied tangential and
normal contact forces that can be obtained before slippage occurs.
Extending the grasping mathematics to account for friction involves allowing
for the increased range of forces that can be applied at the contact locations.
This can be computationally expensive as the cone supplies an infinite number
of forces located around the extremes of the cone and this is difficult to work
with. The accepted way to work with the friction cone is to simplify it by finitely
sampling the cone (Ding et al., 2001a). This is called linearisation within the
literature and an example can be seen in Fig. 2.9.
Mathematically, the stability constraints can be represented by f 2ix + f
2
iy ≤
µf 2iz, which states that the sum of tangential forces, fix and fiy, must be less
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Figure 2.8: An example friction cone demonstrating tangential, FT , and normal
forces, Fn, that depend upon the frictional coefficient µ
Figure 2.9: A simplified friction cone that has been split into a smaller number
of segments, reproduced from Ding et al. (2001a)
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than the frictional force, which is the normal force, fiz, multiplied by the fric-
tional coefficient, µ. This equation can be linearised by representing the cone
as a number of segments, sij, as shown in Fig. 2.9. The direction of each s is
determined by the level of friction µ. Each contact force can then be represented
(Liu et al., 2004) as
fi =
m∑
j=1
αijsij αij ≥ 0. (2.4)
Where αij are the coefficients that can specify the actual applied force made
up of the unit direction segments sij.
Now a frictionless wrench is specified according to eq. 2.1, substituting in eq.
2.4 gives:
wi =
m∑
j=1
αijwij αij ≥ 0 (2.5)
where
wij =
(
sij
ri × sij
)
(2.6)
The wrenches wi can then be used as before to analyse grasps but with friction
now taken into account. The level of friction linearisation can be customised
with a higher number of segments allowing for a more accurate representation
but also taking proportionally longer to compute. At the limit, as the number of
segments approaches infinity, the accuracy of the model approaches that of the
cone. Fortunately, for the case where the frictional coefficient is unknown, it has
been shown that friction only aids grasping (Ponce and Faverjon, 1995). This
means that in the case where the friction coefficient is not known a grasp can be
planned using the frictionless contact model and that same grasp will work in a
frictional case with any value of friction coefficient. It is interesting to note that
certain objects such as a perfect sphere cannot be grasped in the frictionless case
(Selig and Rooney, 1989) although the occurrence of these objects and the lack
of frictionless situations means that these situations will occur rarely, if ever.
Methods for finding a grasp mathematically must thus entail two steps. First,
find a set of contact locations ri that result in a force-closure grasp, and second,
calculate the forces fi to balance for the external wrench. The normal method for
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optimising forces is to try and optimise the contact forces such that the external
force is balanced whilst minimising the applied contact force. Liu (1999) contains
a more easily implementable method for optimising forces to counteract a known
external force. Liu’s method involves forming a wrench for the known external
force and then finding the intersection between that wrench and the convex hull
of the contact wrench space. The external force will pass through a facet of
the hull and the wrenches that lie on that facet are the wrenches that can be
used to counteract the external wrench. This reduces the number of wrenches
to consider thereby reducing the complexity of the problem. Liu’s method does
make the assumption that each contact has three actuated joints such that any
direction of force that is required can be achieved.
2.2.2 Grasp quality measures
The ability to quantify the quality of the grasps is required in order to be able to
find good or optimal grasps. There have been many different approaches in finding
a measure of grasp quality; early methods were often based on geometric analysis
of 2D objects with a specific number of fingers (often three). As time progressed
the quality measures became more sophisticated in that they are applicable to
3D objects, robots with any number of fingers and they take into account friction
at the contacts.
An example of some typical early work into grasp quality measures can be
seen in Park and Starr (1990). Their paper details a method for searching for an
‘optimal’ three fingered grasp on a 2D frictional object. To do this they created
an arbitrary grasp quality function that they claim can assess the uncertainty
of the grasp. This function is simply a weighted combination of the various
specific factors involved with their very specific implementation of a grasp finding
algorithm. This work and many others like it have been built upon to create a
set of often used quality functions.
Kirkpatrick et al. (1992) and Salisbury and Roth (1982) have produced key
pieces of work with regards to grasp quality measures. Salisbury and Roth in-
troduced the concept of the convex hull and that the origin of the wrench space
must be contained within the convex hull in order for the grasp to be a full (or
force closure) grasp. This can be considered the first piece of work which is still
heavily used today.
Kirkpatrick et al. (1992) took the convex hull method of representing a grasp
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and produced the quality measure that is still used today, the wrench ball mea-
sure. The wrench ball measure operates on the set of applied contact wrenches,
with the torques normalised with a magnitude between zero and one, and re-
turns a real number from zero to one indicating the strength of the grasp, where
one is the strongest possible. The operation of the measure is quite simple, the
strength value is found by centering the largest possible sphere on the origin of
the wrench space such that the sphere remains contained within the convex hull
of the wrenches. If the origin lies outside the convex hull then the radius is zero.
The radius is the grasp quality measure as it indicates the strength of the weakest
direction of wrench compensation. An example is shown in Fig. 2.10, the largest
sphere that can fit inside the cube, which has vertices at the ±0.5 positions in
all three axes, is one with a radius of 0.5, therefore, the strength is also 0.5. If
the vertices on just one side of the cube were moved closer to the origin by 0.1
then the largest sphere would then only be 0.4 and the strength would suffer.
On the other hand, if the vertices on one side of the original cube were moved in
the opposite direction by 0.1 then the strength of the grasp would remain as 0.5.
This is because there are three remaining sides at a distance of 0.5 and it is the
distance to the closest facet that is important with this quality measure.
The wrench ball measure is now the default quality measure and is used in
the majority of the literature. The work by Bone and Du (2001) is useful as it
describes a comparison between four different competing quality measures. The
four measures are the wrench ball measure, Ponce and Faverjon’s method (Ponce
and Faverjon, 1995), Mirtich and Canny’s method (Mirtich and Canny, 1994)
and Bone and Du’s own method. Bone and Du’s paper contains some important
results but before they are described here it will be useful to examine the different
methods described in their paper that have not already been discussed.
Mirtich and Canny’s method (Mirtich and Canny, 1994) of analysing the qual-
ity of a grasp involves examining the applied finger forces required to combat a
possible externally applied object wrench. Ideally the ratio between these two
items will be maximised such that a minimum finger force is required to com-
bat the particular external wrench. However, there is usually one direction in
which the grasp is weak, externally applied wrenches in this direction will require
additional force at the contact points in order to counter-act them. The ratio
between the externally applied wrench at the weakest point against the finger
force is selected as the overall strength of the grasp. To demonstrate in equation
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Figure 2.10: The wrench ball measure visualised. The grey cube is the convex hull
of the wrench space. The coloured sphere is the largest sphere that the convex
hull can contain. The colours have no significance.
form, if wext is an external wrench and g
−1(−wext) is the set of finger forces that
can resist that wrench, where g−1 is a function that finds the forces required to
balance for wext, then the quality measure is:
Q = min
w∈W
(
max
f∈g−1(−w)
1
‖ f ‖
)
, (2.7)
where Q is the quality, f is an applied finger force and W is the set of all
external forces that could possibly be applied. This is the reduced form from
their work (Mirtich and Canny, 1994), which results when you consider that the
finger forces scale linearly with the strength of the applied external wrench. For
the norm function Mirtich and Canny use the L1 norm, or simply the absolute
sum of the elements in each vector.
This measure is much the same as the wrench ball method in that the measure
looks at the worst direction of resistance, the difference being that Mirtich and
Canny’s method works directly with the wrenches and applied forces. This works
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well for small number of fingers, which it was designed for, but becomes slow
when looking at a larger number of fingers.
Mirtich and Canny’s paper has several interesting conclusions regarding the
minimum number of fingers required to grasp an object depending on the con-
tact model used. A hard-finger model requires three fingers for 2D objects and
four fingers for 3D objects. A soft-finger model, which Mirtich and Canny use
throughout their paper, requires one less finger for each, i.e. two fingers for 2D
and three for 3D. The also state that using the minimum amount of fingers is
better for grasping as the grasps are easier to compute and, most importantly,
increasing the number of fingers increases the risk that the fingers will get in
the way of each other. This statement is only valid for finger-tip grasping, the
kinematic coupling of the arm, and dependent nature of the contacts, mean that
whole arm grasping algorithms must solve those problems. If these problems are
solved then more contacts may as well be used as a higher contact forces can then
be applied at lower pressures.
Ponce and Faverjon’s method (Ponce and Faverjon, 1995) is radically different
from the previous methods described. Those methods are interested in increasing
the overall strength of the grasp whereas Ponce and Faverjon look at both strength
and reducing the grasp’s sensitivity to positioning errors. Ponce and Faverjon’s
method is another that works only for a small number contacts, three for their
early work (Ponce and Faverjon, 1995) and four for later work (Ponce et al.,
1997). Their method operates by finding sets of regions on the object where
fingers can be placed anywhere inside and the object will be in a grasp. The first
quality measure Ponce and Faverjon describe is simply the size of the regions
found, the larger the regions, the more the fingers can slip and still remain within
the regions and therefore still be grasped. The second metric employed, this time
regarding strength, looks at the distance between the object’s centre of mass and
the position where the contact normals for the three contacts meet inside the
object. Ponce and Faverjon state that the smaller the distance, the stronger the
grasp. This would only work for a small number of fingers, as a greater number
of fingers would negate the convergence of the contact normals, as some could
potentially point in vastly different directions. Their overall quality measure is an
arbitrary weighted combination of the two measures, this produces the problem
of determining the appropriate weights.
Bone and Du’s quality measure (Bone and Du, 2001) is also interested in the
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robustness of the grasp, much like Ponce and Faverjon’s method. Their method
operates by deviating each applied finger in the grasp in eight compass directions,
when looking directly at the applied surface, and measuring the effect that each
has on the largest torque that can be resisted. Each finger is analysed and the
average sensitivity is found by a combination of these values. Again, the big draw-
back with this method is its scalability with the number of fingers. As the quality
measure requires that each deviation for each finger must be assessed, increasing
the number of fingers necessitates another eight additional torque calculations for
each extra finger.
Bone and Du’s comparison is concerned with the speed, robustness and strength
of the four methods described. Unfortunately, the paper is quite biased in that
the selection of the robustness and strength criteria naturally biases them to-
wards the wrench ball and Bone and Du’s own method. So it is not surprising
that it is found that the wrench ball method results in the strongest grasps whilst
Bone and Du’s method results in the most robust grasp. Other conclusions are
that the wrench ball method is the least robust and is slow, although the speed
performance may well change considerably if a large number of contacts was
considered. Bone and Du’s method provides moderately strong grasps but at a
moderate speed. Bone and Du recommend Ponce and Faverjon’s method as their
method favours a compromise between the three criteria.
Bone and Du state that ideally an optimal grasp should have both high
strength and high robustness. They found that this is not attainable as there
is an inverse relationship between the two qualities. High strength positions are
naturally found in low robustness positions e.g. at the extremes of the object.
Whole arm grasping could compensate for this problem because whole arm grasp-
ing naturally applies more contacts, there are therefore more contacts that can
be relied upon if some of the others deviate from their desired position. Bone and
Du also state that local optimisation techniques, often employed to intelligently
search for optimal solutions, can not work in this field because of the prevalence
of local extrema. Not being able to use intelligent search methods makes trying
to quickly plan grasps a difficult problem.
There is only one piece of software that is aimed at aiding researchers in-
terested in grasping and it is called GraspIt! (Robotics Lab, 2009). It is still
in development and is very much a research project in itself. It allows the user
to contact user defined objects with user defined robots and calculate a grasp
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Figure 2.11: An example situation where the volume of the convex hull measure
used by Graspit! (Robotics Lab, 2009) will return a good strength for a poor
grasp.
strength, the default quality measure being used is the wrench ball measure fur-
ther highlighting the measure’s acceptance. GraspIt! uses two quality measures,
one of which is the wrench ball measure (Miller and Allen, 1999). The other
measure is very similar to the wrench ball measure, it follows exactly the same
procedure as the wrench ball measure but the end measure is the volume of the
convex hull rather than the distance to the nearest facet. This is a less useful
measure as the results can be distorted. As an example, consider a grasp that is
very strong in one direction, the positive x-axis, but very weak in the opposite
direction, this is demonstrated in Fig. 2.11. This grasp may seem reasonable
with the second measure as the size of the convex hull is large due to the fact
that it covers a large portion of the x-axis, but this hides the fact that the grasp
is very poor in certain directions, i.e. the whole of the negative x-axis.
All of the above mentioned papers have been designed with independent fin-
gers in mind, whereas Pollard (1997) has attempted a method to be used for
whole arm grasping robots. Pollard tries to apply a measure of quality to each
of the contacts independently. This allows each finger to be analysed separately
CHAPTER 2. BACKGROUND LITERATURE 44
allowing the grasp finding process to operate in parallel. The method is limited
as it requires much prior information including a good grasp prototype to work
with. For the purposes of this research, and other more general cases where prior
knowledge is limited, Pollard’s method is not feasible.
2.3 Finding grasps for independent contacts
In the previous section the means of modelling contacts applied to an object and
analysing the strength of the resulting grasp have been described. Methods for
actually deciding where and how to grasp the object will now be discussed. This
is a more difficult problem than analysing or modelling the grasps as there are
often infinitely many “good” solutions to find, this is further compounded by the
prevalence of local minima in the search problem (Bone and Du, 2001).
In this section the relatively simpler problem of searching for a grasp when the
contact points can be moved around independent of each other will be considered.
Whole arm grasping does not have this ability, yet the methods developed here
may be adaptable to this harder domain.
A brief history of the area may be interesting although not entirely useful
to the reader. Early methods for finding “optimal” grasps were often based on
angular analysis of the contacts applied to a 2D object with a set number of
fingers, often three (Markenscoff and Papadimitriou, 1989; Markenscoff et al.,
1990). Optimal is written in quotes because there is still little consensus on what
constitutes an optimal grasp, some papers favoured strength, whilst some favour
stability, others make up entirely original and arbitrary cost functions (see section
2.2.2).
By angular analysis it is meant that the procedure involves looking at the
angles between the contact normals, whether they intersect within the object
and trying to select positions where they provide strong grasps through methods
that modify those angles (Nguyen, 1987, 1988). As time progresses, the work
becomes less and less to do with the angles of the contact normals and more
consideration is given towards the torques applied by each contact, examples
being Trinkle et al. (1988) or Mirtich and Canny (1994).
2.3.1 Improved models and generality
An improvement in the flexibility of the approaches devised can now start to
be seen. The number of fingers that can be positioned, although still static in
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quantity, start to increase in number. Likewise, the dimensionality of the object
increases from 2D to 3D. Friction is also nearly always considered and the common
method (as described in section 2.2.1) of modelling grasps becomes popular. The
methods are highly limited as they all have a requirement that an exact number
of contacts is specified. This is too limiting for whole arm grasping purposes as it
may not be possible to always get the exact number required by that particular
algorithm.
Chen et al. (1992) discuss solutions to a variety of grasping problems, all only
consider grasping 2D objects. They are in order of appearance: three hard-fingers,
four hard-fingers and three soft-fingers. Their work, in this case, is devoted to
the process of finding the contact forces to apply when the contact positions are
known. This part of their work involves balancing the forces, as per eqs. 2.3 and
2.5 in sections 2.2.1 and 2.2.1.2, and then using linear programming techniques
to find positive coefficients that allow the combination of finger forces to equal
the desired external force applied to the object (e.g. gravity). They show that for
the three hard finger situation the pseudo inverse can be applied to the wrench
equations to produce a solution. Their procedure for actually finding the contact
positions is a two step process. In the first step an exhaustive search of the edges
of the object is performed to match triples of edges to a criteria that checks
whether the normals of the edges are roughly evenly spaced. These candidate
edge groups are then checked to see the regions where the applied forces overlap
as demonstrated in Fig. 2.12, which is recreated from Chen et al. (1992). The
figure demonstrates the process of drawing parallel lines for the candidate edges
and shading the regions where they intersect, the so-called force focus point.
This region denotes positions that can be used to grasp. The approach is very
simplistic as it ignores many edges that could be used for a grasp and inefficient
because it requires an exhaustive search of potentially many edges. Their method
does have a simplistic elegance that makes intuitive sense. Chen et al. state that
friction only aids grasping (Chen et al., 1992) and this results in the fact that
applying finger forces along the normal lines at the contact points represents a
safe strategy. The implication being that even for a very low friction object (e.g.
an ice cube) a force along the normal will not slip, of course this ignores the
possibility of positioning errors.
Park and Starr (1990) performed some very similar work before Chen et al.
(1992). The major difference appears to be the method of evaluating the resulting
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Figure 2.12: Intersection of the parallel strips from candidate edges, reproduced
from Chen et al. (1992)
grasp positions. Park and Starr use an arbitrary combination of various charac-
teristics, such as the distance of the focus point (intersection of contact normals)
to the centre of mass of the object, to determine the quality of the grasp. Park
and Starr detail some results against some 2D polygons and state that it only
take 6.4 seconds to find a grasp for their most complicated object. Unfortunately
this object is a star consisting of only 10 edges. For more realistic every day
objects the computational time will be very large even on todays computers due
to the O(N3) complexity of the edge finding algorithm.
Van der Stappen et al. (2000) have developed another similar method. This is
a much more recent work that greatly improves upon the speed of the algorithms
but still only works for limited number of contacts and 2D objects. The authors
admit that extending the algorithm to 3D is non-trivial and as such this work
is interesting but due to limiting assumptions and requirements is not useful for
whole arm grasping.
Ponce and Faverjon (1995) and the later work by Ponce and Faverjon (1995)
have described an efficient method for finding independent grasps by limiting the
search to positions that result in a force focus point. This method will work very
well and quick for small numbers of fingers, but suffers for the same reason as the
others: their search is exhaustive and as the number of contacts increases, the
computation time will increase exponentially.
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The approach by Ferrari and Canny (1992) has the potential for practical
implementation on current robotic hardware. Their approach is especially for-
mulated for pincer-like grippers and is shown to work for grippers with two and
three pincer elements. The approach operates, relatively simplistically, by sys-
tematically taking each edge of the polygon (the method operates in 2D) and
finding the vertices or edges directly opposite it, the wrench ball measure is ap-
plied to rank each resulting pair and the best pair of edges are chosen as optimal.
The method could quite easily be extended to 3D and for the jawed gripper
works well. The disadvantage with the approach is that it does not lend itself to
manipulators other than simple pincer manipulators.
Borst et al. (1999) are not as concerned with optimality as other researchers.
They assume that there exists many good grasps that are more than sufficient to
constrain the object. Their approach is limited to four fingers only but is designed
for 3D polygonal objects. Like many other existing methods, Borst, Fischer and
Hirzinger use restrictive assumptions that eliminates many possible grasps, in
some cases this would make grasping an object appear impossible when it is, in
fact, quite feasible. Their method works by systematically placing one contact
on an edge, placing a second on a point on the opposite side of the object where
the inverse of the contact normal of the first point exits the object. A further
two points are selected such that their normals intersect with the first two, but
are spaced out evenly over the object. This is a rather arbitrary operation and
is used to increase the speed of finding a grasp, computers have vastly improved
since then so there is no reason for using such a simplification. The method takes
an arbitrary number of these candidate grasps, analyses the quality of each and
returns the best grasp. They show that having as little as fifty candidate grasps
can yield grasps with 62% to 69% of the optimal strength, increasing that to
one hundred candidates can provide 65% to 75% of the optimal strength. They
also show that the fifty to one hundred candidate grasps can be performed in
roughly 15 to 30 seconds at 1992 speeds, which at today’s speeds could be real-
time due to the massive improvement in computing power since that time. The
unfortunate problem with their approach is the restrictive assumptions regarding
the positioning of the contacts.
Stanley et al. (1999) describe a rather complete piece of work with regards to
the finger-tip grasping process. They describe the whole grasping process from
determining what the object is through to planning a grasp. Stanley et al. use
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vision algorithms applied to single picture of the object taken from above in-order
to discover the object’s shape, because of this their work can only work in planar
cases. The object is found through basic boundary detection image processing
algorithms and a grasp is planned via a novel quad-tree expansion algorithm. The
quad-tree expansion algorithm searches for grasp points by breaking each edge of
the object down into progressively smaller chunks until a point which provides a
sufficiently good grasp is returned. Their cost function is relatively simplistic, as
they are only considering parallel jawed grippers, and this allows for an imple-
mentation that operates in real-time. Stanley et al., like Borst et al. (1999), state
that their method does not find optimal grasps only that the returned grasp is
relatively strong and stable. Their work is ideally suited for production line and
industrial work due to the use of a restrictive set of assumptions.
2.3.1.1 Region methods
All the methods that have already been discussed have been concerned with
finding specific points to contact an object. An alternative method is to find
regions upon the object’s surface where contacts can be placed. The regions are
calculated such that a force closure grasp will result if the fingers of the robot are
placed anywhere inside those regions. This reduces the effect of positioning errors
because as long as the fingers remain within the specified regions then a force-
closure grasp will result. Cornella and Suarez (2005b,a) as well as Liu (2000) are
excellent examples of this approach. Cornella` and Sua`rez’s first attempt (Cornella
and Suarez, 2005b) is limited in that it only considers 2D objects with the smallest
number of contacts. Their latest work (Cornella and Suarez, 2009) is an exercise
in improving the speed of the search such that it can be performed in real time,
the major drawbacks of their research being that the approach is limited to only
four fingers and does not work for all 3D polygonal objects. Cornella and Suarez
(2005a) can calculate a grasp for any number of fingers, which is of more use for
whole arm grasping, and as such will be described in more detail.
Cornella` and Sua`rez use many assumptions in their work to make the problem
tractable, the first is that only 2D objects will be analysed. The second assump-
tion is that the edges of the object that will be contacted are known prior to
planning the grasp, this removes the problem of decided which edges are optimal.
The range and direction of motion that the contacts can move through for any
given edge is simple to calculate as they are straight lines with a known start and
stop point. Cornella` and Sua`rez’s work describe methods of calculating extremes
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of finger motion along those edges that allow the origin of the wrench space to
remain within the convex hull of the applied contacts. This results in a algorithm
with a computational complexity of O(N3), this is rather prohibitive but not un-
usual for the grasping problem. Overall, their approach is very novel and results
in an ideal situation where a stable grasp results. However, the approach has
severe limitations in the assumptions it uses. One example is the 2D assumption,
extending the work to 3D objects would be a difficult task as the range of motion
would no longer be a simple line, it would be a polygonal object instead. Cal-
culation and representation of these 2D regions would be a much more difficult
task.
2.3.2 Generalised and novel approaches to finding grasps
Methods based on exhaustive searches, or region based methods, are the two most
popular methods of finding a grasp. However, there are novel works that have
taken different approaches to the problem.
Pelossof et al. (2004) use machine learning algorithms to discover configu-
rations for specific hands that result in good grasps. The grasping simulation
software GraspIt! (Robotics Lab, 2009) is used to provide the learning set for
a support vector machine. The approach is currently quite limited in that only
super-ellipsoid objects can be analysed. Also, different robotic hands would re-
quire different training, meaning that there is never one set of algorithms that
can be used for any kind of hand.
Goldfeder et al. (2007) is another recent example of the simulation software
GraspIt! being used as a research platform. This time GraspIt! is being used
for its capability to model contacts between objects and manipulator dynamics.
Goldfeder et al.’s approach is to break the object down into a set of simpler com-
ponents that can be represented as a superquadric, i.e. a simple closed surface.
Goldfeder et al.’s idea is that by simplifying the object into a set of superquadrics
a set of candidate grasps can be found quickly, these can then be fed into a sim-
ulation of the true object to calculate a more accurate measure of the candidate
grasp’s quality (using the wrench ball measure). The strongest candidate grasp
is selected as the grasp to perform. The method of finding a candidate grasp is
based heavily on the concept of a hand with a palm that moves towards the ob-
ject, whilst it is doing this the fingers move inwards around the object. The fact
that the kinematics of the arm are considered means that this approach comes
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close in being usefully applied at whole arm grasping, unfortunately the approach
heavily limits the quality of the resulting grasp due to the massive simplifications
used. Goldfeder et al. have demonstrated that a grasp strength of 0.1 or greater
would be considered by a human as stable. This level of strength should be the
minimum strength to aim for.
Zhu and Ding (2006) describe a very competent method based on gradient
descent methods that can process any number of fingers on 3D piecewise smooth
objects, these are objects that are made up from a set of equations that can
each be differentiated separately but not necessarily as a whole. This allows the
shape to have great diversity in its representation and allows objects such as
spheres to be modeled perfectly. Zhu and Ding define a quality measure that
can measure how close a grasp is to not being a grasp, they use this measure in
a gradient descent search based on an initial candidate grasp. The approach is
very effective in that a good grasp can be obtained in a relatively short amount
of time (<1 second) but there are large drawbacks. The authors fully admit
that the procedure does not guarantee optimal or even locally optimal solutions
(due to problems with gradient descent algorithms) and the mathematics of the
approach is one of the hardest to follow. It would also be difficult to modify these
gradient descent algorithms to take into account the kinematic structure of the
manipulator.
Coelho and Grupen (1994) claim to have developed an alternative method
that can handle any number of contacts on 3D objects and still take into ac-
count the kinematics of the manipulator. Instead of an off-line set of calculations
considering the position of contacts, wrenches and quality measures, they refor-
mulate the problem such that a controller-like approach can be used to solve the
problem. They claim this allows them to use optimal control techniques to solve
the problem efficiently. Their approach involves redefining the quality metric, in
this case measuring stability, such that it is differentiable and can therefore be
used to maximise the quality measure. One large benefit of their approach is
that the algorithm scales linearly with the number of fingers. Unfortunately, the
quality measure being used is stability and, as Bone and Du (2001) found, stable
grasps are not strong grasps. For whole arm grasping it is predicated that grasps
will be inherently stable due to the large number of contacts (Salisbury, 1988), in
that case it may be better to prioritise grasps for strength rather than stability.
The more recent of the previous four methods and indeed of the more classical
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approaches are able to handle any number of fingers applied to 3D shapes. Yun-
Hui Liu has produced many such papers, both on his own and in collaboration
with other researchers.
Ding and Liu in collaboration with Wang (Ding et al., 2001a) and Zhang
and Knoll (Ding et al., 2001b) have developed methods that can find a grasp
given an initial grasp to work with. The former work takes an initial grasp of
k fingers and plots positions of the additional n-k fingers such that the n finger
grasp is force-closure. They have managed to do this by reformulating the fairly
restrictive quality measure of the distance of the force focus from the centre of
mass of the object such that a non-linear programming algorithm can solve for
the inequalities involved. The latter paper takes a different and perhaps more
useful approach, it requires as a start point an initial grasp using the desired
number of fingers. The method then performs a local search to find a stronger
grasp. The method has been described above as more useful as it is fairly easy
to find a mediocre grasp by simply spanning the contacts around the object such
that they point at the centre of the object. Both of these papers require a lot of
computational complexity to solve and yet also require prior information, i.e. an
initial grasp consisting of k fingers, in order to accomplish it.
Liu (2000) has also produced a second, novel and clever approach to finding
contact locations. Liu’s method is another concerned with finding regions on
the edges of the polygon such that contacts can be placed anywhere inside and
a force closure grasp will result. Liu has also managed to perform this in a
relatively efficient manner by reducing the wrench search space from R3 to R1.
This approach was only designed for 2D objects and Liu states that future work
is to extend this to 3D. The algorithm’s operation works by first defining which
edges you are interested in, parametric primitive contact wrenches for each edge
are then formed that show how the contact wrenches change by moving along
those edges. These primitive wrenches are then iteratively split according to
whether their directions are positive, negative or zero along the various axes. If
at any point there are no elements in either the positive or negative groups then
force closure is not possible. Once split into groups, the positive and negative
groups are paired and projected onto the next axis, which forms a new set of
lower dimensional points. The process is repeated until the points are only one
dimensional. Two convex polytopes can be generated from this one dimensional
data that define the positions where force closure will occur. The drawbacks to
CHAPTER 2. BACKGROUND LITERATURE 52
Liu’s approach is that the edge contacts need to be predefined and that only 2D
objects can be analysed. The advantages of Liu’s method are that it is efficient
and relatively easy to implement.
Liu et al. (2004) describes a much faster method for finding grasps, but they
use the same restrictive assumptions as other researchers to ensure that the pro-
cess works quickly. The algorithm can plan a grasp for any number of contacts
on 3D objects but requires a candidate grasp. Liu et al. use the fact that the
wrenches must span all directions in the wrench space to allow them to split the
grasp down into several subproblems. A tree structure is used to represent the
problem with each node representing a possible grasp. Each sub-node of the tree
is identical to the parent node except that in each sub-node one different con-
tact is moved in one of the four compass directions. The algorithm performs a
local search on each of those sub-nodes until either a local optimum is reached,
at which point more nodes are generated and further analysed, there exists no
nodes consisting of valid combinations, which results in a failure to grasp, or a
force-closure grasp is obtained. The procedure appears to be very efficient at
finding a force closure grasp, however, there is no guarantee of a strong grasp
being found.
There are two review papers that may be useful for a review of the information
presented in this section. Bicchi and Kumar (2000) provides a good introduction
to the common approaches in modelling a grasp. Shimoga (1996) provides a much
more in-depth review and also considers problems such as dexterity measures and
compliance in contacts.
2.4 Finding whole arm grasps
Finding grasps with independent contacts has had a wide range of interest with
many different approaches at solving the problem, the same can not be said for
whole arm grasping. The quantity of whole arm grasp planning papers compared
to that of finger-tip grasp planning papers is much smaller. One possible reason
for this lack of interest is that finding grasps with non-independent contacts is a
much more difficult problem.
The big question is: if non-independent grasps are so much more difficult to
find, why use this ability? This question was answered by Salisbury (1988) in
perhaps the first piece of work in this area. Salisbury states that whole arm
grasping can increase the efficiency of robots by allowing them to manipulate a
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Figure 2.13: The grasping stages in Desai et al.’s method, reproduced from Desai
et al. (1995)
wider range of objects without the need for additional hardware. The biological
findings that finger-tip grasps allow for delicate and precise contacts but lack the
robustness and strength of whole hand grasps further demonstrates reasons for
using this ability (Napier, 1956).
Like independent contact research, almost all the whole arm grasping research
is based on simulations. This is due to the proposed methods requiring sensors
or actuators that do not exist, i.e. full force sensitive skins. One of the few
approaches that shows actual experimental results is that by Desai et al. (1995).
In their work they describe a snake-like robot that is designed to move around in
a highly constrained environment to inspect pipes in an industrial plant. The use
of whole arm grasping techniques saves space as the robot can grasp pipe without
needing extra grippers, being small aids the robot’s movement through the tight
spaces in the environment. Whole arm grasping allows the snake-like robot to use
its own body to grasp the pipes located in the plant. Desai et al.’s work employs
only very simple grasping that operates in a similar manner to that of an octopus,
as illustrated in Fig. 2.13. The arm makes contact with the pipe a short distance
from the tip of the arm, the rest of the arm is then wrapped around the pipe.
Pressure is then applied to the pipe to maintain the grasp. With one side of the
arm gripping a pipe, the other side of the arm can be moved into position to
grasp a different pipe. The side that just moved into position grips the pipe, the
other side can then release its grip. The process repeats and allows the robot to
move around in an otherwise difficult environment. The major drawbacks of this
approach is its simplicity: the range of objects that could be grasped is limited
as the algorithm performs only very simple grasping with no planning.
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McMahan et al. (2004) and Walker et al. (2005) are part of team that are
working on a similar method of attaining a whole arm grasp. These two papers are
both describing different aspects of the same research project; allowing octopus-
like arms to grasp objects. Their method does not explicitly plan a grasp but
instead uses a controller that attempts to minimise two competing measures. The
first measure is the position error of the end-point of the arm. The end point is
commanded to move around the surface of the object in a circular manner. The
second measure increases in size as the distance between the manipulator and the
object decreases, the measure causes the object to repel the arm. The results of
their work show that minimising both of these measures causes the arm to stretch
and tighten around the object as the length of the arm being used approaches
the circumference of the object. The controller is implemented as an inverse
kinematics problem with a secondary null space condition, this type of control
is described in more detail in section 2.7.2. Drawbacks to their method are that
the object’s structure is required as prior knowledge and there is no explicit plan
for the grasp, as such, there is no guarantee that a force closure grasp will be
achieved.
Busch’s PhD thesis (Busch, 2002) applies neural networks to the task of whole
arm grasping. Busch describes three different methods for grasping an object
reactively, one of which is the same method of grasping as McMahan et al. (2004),
Walker et al. (2005) and Desai et al. (1995), Busch calls this method ‘Zorro’. The
second method is the follow the leader method. The method operates by initially
making the end-effector contact the object, the end-effector then proceeds to
follow the surface of the object, the remaining links follow the path the end-
effector took along the surface of the object. This approach is based on the work
by Reznik and Lumelsky (1994), both approaches require the availability of a
force sensitive skin to detect contacts, contours and forces. The last method is
called ‘Lasso’ and requires the use of sensors covering the entirety of the arm that
can detect the distance to any object normal to the sensor. The ‘Lasso’ method
encircles the object without making contact with it, meanwhile, the object’s
structure is analysed for grasp planning purposes with the hypothetical sensors.
All three of these methods analyse the structure of the object on the fly and
reactively move to adapt the grasp to the object. The majority of Busch’s interest
is in applying neural networks to the task of learning how to perform these types
of grasping actions. This seems rather redundant as the different methods of
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grasping can be performed just as easily using conventional inverse kinematics
equations. Busch’s work is still the closest piece of work to this research project,
the major differences being that Busch’s work is purely simulation based and,
as such, items such as force sensitive skins or distance measuring sensors spread
over entire surface can be used. Secondly, Busch’s work is more concerned with
maximising the surface contact points and teaching the neural network than with
grasp strength. Maximising surface contact is desirable but may not always be
necessary in order to gain a strong grasp. The requirement of using the least
amount of hardware as possible eliminates all but the simplest ‘Zorro’ method
from being used in this work.
Pollard’s work (Pollard, 1997), as well as demonstrating a novel grasp quality
measure, describes a method of planning whole arm grasps. Pollard’s approach
has been designed to be parallelisable allowing the problem to be split between
multiple machines and/or cores. Pollard’s process of calculating a grasp starts
with finding a good initial grasp prototype, Pollard suggests doing this by com-
paring the object to grasp with a library of grasp objects. Once a prototype
grasp has been found the proposed grasp is applied to a simulation of the actual
object and optimised against Pollard’s quality measure, the measure quantifies
the maximum force that can be applied to the object for a desired task. Once
optimal contact locations have been chosen they have to be assigned to links on
the robot arm. This is a non-trivial problem and Pollard ignores this problem by
assuming that it has already been accomplished via a library of grasp prototypes.
Lastly, these contact locations are chained together with the remaining links via
a recursive algorithm. Although Pollard’s method is novel there are too many
assumptions and simplifications to be a viable approach. The approach, as it is,
is also quite slow, which can be seen by the fact that it takes an hour to calculate
a grasp for a relatively simple hand consisting of three fingers each with three
degrees of freedom. This is made worse when the fact that the algorithms are
operating on a specialised processor designed for parallel applications is consid-
ered. The improvements in technology since 1997 may mean that the time taken
is more reasonable, unfortunately this kind of massive parallel computing power
technology is still not yet commonly available. The reliance on a databases is
another drawback as these are not currently available and, if produced, may be
very large in size. There is also no guarantee that the optimal grasp solution
selected will be able to be chained together to form a whole arm grasp, a lot
CHAPTER 2. BACKGROUND LITERATURE 56
depends on whether the spacing between contacts matches the link sizes of the
robot.
Miller et al. (2003) also use a library of grasps in order to plan grasps. Their
approach breaks the object into a series of primitive objects, which will need to
have already been analysed for possible grasps and their strengths, and uses them
as a basis for searching for a good grasp. Their approach relies heavily on being
implemented for a specific manipulator (a Barratt hand) and is based on opposing
fingers applying simplistic pincer-like movements. Overall the approach is rather
simplistic and restricted but may prove useful for industrial applications where
a specific manipulator must be used for many different grasping situations. It is
not ideal for being used across a wide range of different robotic configurations.
Platt et al. (2003) assume that a robotic hand with a full force sensitive skin is
performing the grasping action. Their grasping controller operates by arbitrarily
closing the hand around the object, detecting the normal and force gradient of
each contact and then re-grasping such that the net wrenches applied to the object
are minimised. Platt et al. use simplifications stemming from the fact that a hand
is being used to aid in the process of moving the contact locations. The main
simplification is the idea of opposition spaces, or pairs spaces on the object that
can be grasped by designated opposing points on the manipulator. Two example
opposing spaces are thumb and finger positions and palm and finger positions.
The second simplification is to manipulate multiple fingers on the hand together
such that they act as one larger finger. These simplifications are all aimed at
finding positions on a hand that provide pincer-based motion. Their approach
rely on the use of a measure of grasp quality that does not give any indication of
strength or stability, it merely shows that a grasp has been obtained.
In summary, all of the described approaches have severe limitations that limit
the use on existing robotic technology. The use of assumptions, simplifications
and technology that do not exist are common. None of the approaches consider
the entirety of the whole arm grasping problem, they each consider just one small
part and assume that the rest is already solved.
2.5 Determining an object’s shape
The object’s shape must be known before a grasp can be planned for it. In this
section methods of discovering the object’s shape will be discussed. There are
several ways of analysing the object’s shape with the simplest being that the
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object’s shape is required as prior knowledge, this method is used in nearly all
the grasping literature. One method of implementing this method would be to
allow the user to input the object’s shape to whatever control system performs
the grasping. This is a trivial, time consuming and (human) error prone solution
and will not be considered further here. All alternative methods must extract
information from sensors regarding the object and interpret that data to form a
conclusion regarding the object’s shape.
The types of sensor most applicable to this task would be visual sensors such
as cameras or webcams. The typical process for determining the object’s shape
would be to analyse each frame acquired from the data source for points of inter-
est, these points of interest need to be matched up across the different frames and
mapped into 3D space via knowledge of the camera’s model (Forsyth and Ponce,
2003; Foley et al., 1997). This forms point cloud data that can then provide
the object’s shape via methods that can cleverly sculpt the object’s shape from
the data. Stanley et al. (1999) attempts to find an object’s shape from visual
information and then plan grasps using that information in just such a manner.
Their work attempts to apply a planar grasp a 3D object by using only basic
image processing to find the object’s boundary. Through the use of a dedicated
digital signal processor (DSP) their method is quite quick requiring between, on
average, 0.0932 to 7.79 seconds to find a grasp. Unfortunately, their method does
not allow for concave objects or non-planar grasps.
Chinellato et al. (2006) describe a biologically inspired method of discover-
ing an object’s shape and also use this information for grasping purposes. Their
method works iteratively using multiple exploration phases to attain more infor-
mation regarding the object’s shape. A camera is mounted on a three fingered
hand and is used to take multiple pictures of the object from different locations
and orientations. The object’s shape is found by using the visual information
to carve out sections, which from the pictures are known not to exist, from an
initially very large virtual object. As more pictures from different locations are
used to carve the virtual object, the more accurate the representation becomes.
GraspIt (Robotics Lab, 2009) is then used to perform the grasp planning. The
process by which the object’s shape is discovered is quite effective, Chinellato
et al. state that a simple shape can be discovered from only three pictures. A
disadvantage with their approach is that the speed of execution is not discussed
and one possible reason for this is because it could be quite slow.
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One common method for analysing pictures for points of interest uses the scale
invariant feature transformation (SIFT) (Azad et al., 2009). As the name implies
this measure is robust to scaling effects between pictures, this means that the
same feature will be identified across multiple pictures even if the object is twice
as large in later pictures. The SIFT features are also robust to minor rotations of
the object, this can be used to great effect by rotating the object and matching
the features found through time and space. This exact process is used by Li and
Kleeman (2009) to interactively identify visually symmetric objects. Finding and
matching features is, unfortunately, very slow and requires much effort to run
in real time. However, this has not affected its popularity with many robotic
projects using this method for just such a purpose, one example being Han and
DeSouza’s air vehicle that can geo-locate targets using SIFT and stereo vision
(Han and DeSouza, 2009).
Hoppe et al. (1992) describe an excellent method that can process point cloud
data that does not require any organisation or sorting of that data. Point cloud
data is the data received via sensors that has been mapped into 3D space. Their
method operates by finding points close together and calculating the tangent of a
surface that could fit between them. If all the points are processed as such and the
results combined together then the tangents describe the surface of the point cloud
and therefore the object’s shape. Aside from the difficulty in determining how to
define ‘close together’, this approach is a clever, novel and effective approach.
In this research project an objective is to develop methods that require the
least amount of additional hardware as possible. This means that the additional
hardware required by these vision approaches, graphics cards and cameras, is
something that should not be relied upon. An alternative method for analysing
the object is therefore required.
One such alternative is to use tactile contact information rather than visual
interest points. Indeed many researchers assume the availability of a tactile sensor
skin that stretches over the surface of the manipulator, an example method is
by Asano et al. (2003) who use the contact location and force information to
dynamically manipulate an object. Unfortunately, the full force sensitive skin
as assumed by many researchers (i.e. 100% resolution and accuracy) has yet to
be developed and so these methods remain simulations. This may yet change
due to new material research, one such material is ionic electro-active polymers
(discussed in section 2.6.1) as used by Shahinpoor (2003) and, more recently,
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Biddiss and Chaua (2006), who have both used Ionic Polymer-Metal Composites
(IPMC) as a sensor. This could be the beginnings of the force sensitive skin
required by many robotic researchers. It is likely that this research will take
many years to mature so until then alternative methods are required that do not
rely on this technology.
2.6 Actuator discussion
There are many different actuator methods that could be utilised to build whole
arm grasping robots. In this section, the different actuators as well as their
strengths and weaknesses will be described. The actuators will also be compared
to one another in-order to assess which of them will provide the best whole arm
grasping performance.
2.6.1 Artificial Muscles
This section will discuss all manner of actuators that aim to provide muscle-
like actuation. By muscle-like actuation it is meant that activating the actuator
causes it to contract or expand in size/volume. This could easily be used in whole
arm grasping applications by setting up the artificial muscles in a similar manner
as an octopus’s arm or a snake’s body.
The two main areas of research into artificial muscles are electro-active poly-
mers (EAPs) and shape memory alloys (SMAs), although there are several other
more exotic attempts being developed such as cellulose electro-active papers
(Kim, 2006). Shape memory alloys are materials that have two states, at low
temperatures the material is passive and can have its shape altered at will. When
the alloy is heated, usually via an electric current passed through it, the alloy
returns to a ‘memorised’ shape. Problems with SMAs are to do with the fact
that the cooling phase after heating is slow, which limits the speed at which the
actuator can be used. Examples of robots built with SMAs include some that
could be used for whole arm grasping. Price et al. (2006) describe arms and
fingers made from SMAs whilst Liu (2004) describe a snake-like robot made from
SMAs.
EAPs can be one of two types: ionic or electronic (Bar-Cohen, 2002). Both
types of EAPs are materials that can bend and contract under certain conditions
such as an applied electric field or a change in pH. Ionic EAPs require immer-
sion in a fluid to work and operate by movement of ions/molecules within the
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polymer’s structure in response to an external electric field (Bar-Cohen et al.,
2001). Electronic EAPs are mostly dry and again respond to applied electric
fields. Electronic EAPs have been studied for over a century (Bar-Cohen et al.,
2001) and as such are fairly well understood. Kovacs and Lockmatter (2006) and
Eckerle et al. (2001) both use electro-active elastomer rolls, which are electronic
EAPs, as artificial muscles. Their work demonstrates how difficult it is to cur-
rently manufacture the required components with Eckerle et al. having a goal
lifetime of only 20 minutes. Nakabo et al. (2005) have built a robot out of an ionic
polymer-metal composite; a kind of ionic EAP. They describe their attempts at
controlling the curvature of the actuator and their results highlight the varied
difficulties that entail when using such actuators.
Bar-Cohen (2002) lists the following advantages and disadvantages for ionic
and electronic EAPs:
Ionic EAP advantages:
+ requires low voltage
+ exhibits large bending displacements
Ionic EAP disadvantages:
− most ionic EAPs do not hold strain under DC activation
− slow response times
− difficult to produce consistent materials
− hydrolysis occurs at voltages greater than 1.23v in aqueous systems
Electronic EAP advantages:
+ can operate in open-air conditions
+ rapid response to inputs (milliseconds)
+ can hold strain under DC activation
+ can induce relatively large actuation forces
Electronic EAP disadvantages:
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− requires a compromise between stress and strain
− requires high voltages (˜150 MV/m)
− inadequate for low-temperature actuation tasks
2.6.2 Electric
The electric motor, specifically the direct-current (DC) servomotor and brushless
DC servomotors, are the most employed motors in robotic applications (Sciavicco
and Siciliano, 2005). Electric motors work by carefully applying an alternating
current through a coil, the electric field this induces interacts with the magnetic
field of a permanent magnet thereby inducing relative movement between the two
parts (Cox, 2000). Sciavicco and Siciliano (2005) have the following comments
regarding the advantages and disadvantages of the electric motor:
Advantages:
+ wide spread availability of power supply
+ low cost and wide range of products
+ high power conversion efficiency
+ easy maintenance
+ no pollution of working environment
+ good control flexibility
Disadvantages:
− burnout problems if held in static situations
− need special protection when operating in hazardous environments
− characterised by high speeds and low torques, requires gear transmissions
CHAPTER 2. BACKGROUND LITERATURE 62
2.6.3 Pneumatic and Hydraulic
Pneumatics and hydraulic actuators work on similar principles and will therefore
be considered together. Both actuators work by using a compressed substance to
perform work, air is the working medium for pneumatics whilst a liquid is used in
hydraulic actuators. Sciavicco and Siciliano (2005) have the following comments
regarding the advantages and disadvantages of the hydraulic servomotors:
Advantages:
+ does not suffer from burnout problems if held in static situations
+ are self lubricating and the fluid facilitates heat disposal
+ excellent power to weight ratio
+ can provide high torques at low speeds
Disadvantages:
− needs a special hydraulic/pneumatic power station
− high cost, narrow range of products, difficulty with miniaturisation
− low power conversion efficiency
− need for operational maintenance
− pollution of working environment due to oil leakage
Tondu and Lopez (1997) and Pritts and Rahn (2004) provide examples of
pneumatics in the form of a McKibben muscle that could be used in much the
same manner as artificial muscles providing muscle like actuation.
2.6.4 Comparison
Table 2.1 subjectively compares the different actuator choices over several criteria,
the best actuator for each criteria is highlighted in bold. The criteria results are
taken from the following authors’ works: Kornbluh et al. (1998), Sciavicco and
Siciliano (2005), Bar-Cohen (2002) and Richardson et al. (2003). Dashes indicate
unknown quantities.
Table 2.1 shows that SMAs are too slow and inefficient for consideration.
Pneumatic and hydraulic actuators are a better option but due to the difficulty
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Measure SMAs E. EAPs I. EAPs Electric Hyd.
Speed of operation V. Slow High V. Slow High High
Power to weight ratio High High High Low High
Torque to speed ratio n/a n/a n/a Low High
Power supply avail. High Medium Low High Low
Cost Medium High High Low High
Range of products Narrow Wide Narrow Wide Narrow
Miniaturisation diff. - Low Medium Low High
Power conversion eff. V. Low High Low High Low
Maintenance ease Medium - Low High Low
Burnout problems Yes - - Yes No
Control ease Medium Low Low High Medium
Table 2.1: Comparison of actuator types
in setting up, maintaining and controlling the devices a different option should
be considered.
The fact that Ionic EAPs are not as well established as other actuation meth-
ods means that their reliability suffers in comparison. This, as well as the fact
that they require immersion in a fluid to operate, unfortunately eliminates their
consideration as a feasible actuator for this research project, although it may be
worth considering in the future. In comparison, electric EAPs are much bet-
ter understood but only provide small movements in response to large electric
fields. If many small actuators could be used in tandem then a highly flexible
manipulator would result, but this work does not wish to devote resources to the
exploration of this research topic.
To summarise, although artificial muscle like actuators have the potential to
provide amazingly flexible robots that would be ideal for whole arm grasping, the
level of control and fabrication quality is lacking. This means that it is safest to
use the DC electric motor option as its level of understanding, quality control,
control options and ease of use is much higher than any other actuation method.
2.7 Control
In this section a brief introduction to the various common control methods will
be outlined. These items are considered basic required knowledge in robotics
and excellent discussions can be found in many sources such as in Sciavicco and
Siciliano’s book (Sciavicco and Siciliano, 2005) or McKerrow’s book (McKerrow,
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Figure 2.14: A labeled planar manipulator
1998).
2.7.1 Kinematics
Kinematics is the study of motion without regards to the forces that cause it. It
is used in robotics to find how the motion of the robot’s joints in the joint domain
relates to the robot’s motion in the Cartesian domain (Sciavicco and Siciliano,
2005). A planar robot consisting of two links, as shown in Fig. 2.14, is commonly
used to explain kinematics and will also be used here. In Fig. 2.14, the two angles
θ1 and θ2 are the two joint angles of the two black circular motors, whilst Peff
is the Cartesian position of the end-effector and l1 and l2 are the lengths of the
links. The relationship relating the joint angles, θ1 and θ2, to the end-effector
position in Cartesian space, Peff , for the two link example is found, using basic
trigonometric manipulation, to be:
Peff =
[
l1cosθ1 + l2cos(θ1 + θ2)
l1sinθ1 + l2sin(θ1 + θ2)
]
(2.8)
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Both of the actuators in the example are revolute and can only move by ro-
tating around one axis, however, this is not the only kind of actuator that exists.
An alternative actuator type is the prismatic joint that can slide forwards and
backwards without rotating. A method of assigning frames to the links called
the Denavit-Hartenberg convention allows these different types of actuator to
be analysed in a similar manner (Sciavicco and Siciliano, 2005). The following
discussions consider revolute joints as that is the kind to be used in whole arm
grasping and so the discussion will only refer to the joint angles of the manipu-
lator. The following discussion is still applicable to prismatic joints, they would
just require a slight different application of the methods to take into account the
slightly different variables being solved for.
A more compact representation of this kinematic relationship utilises matrix
notation and is found through partial differentiation of the forward relationship
between angles and position. The partial derivatives, when collected together
into one matrix, is called the Jacobian, J(θ), (Sciavicco and Siciliano, 2005) and
it relates between the angular velocity of the joints, θ˙, and the Cartesian velocity
of a point, (P˙ ).
P˙ = J(θ)θ˙ (2.9)
where a dot above a variable indicates the derivative and bold indicates matrices.
The Jacobian for the running example is:
J(θ) =
[
−l1sinθ1 − l2sin(θ1 + θ2) −l2sin(θ1 + θ2)
l1cosθ1 + l2cos(θ1 + θ2) l2cos(θ1 + θ2)
]
(2.10)
The Jacobian is used often in robotics and understanding its use and operation
is strongly recommended.
2.7.2 Inverse kinematics
As the name implies inverse kinematics is the opposite operation to kinematics.
Where kinematics is the forward relationship between joint angles and the Carte-
sian position of a point, inverse kinematics is the process of discovering the joint
angles that cause a desired point on the manipulator to match a desired Cartesian
position in the workspace (Sciavicco and Siciliano, 2005). This is a much more
difficult problem than kinematics because in kinematics there is only ever one
solution to the problem; the same angular joint values will always result in the
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Figure 2.15: Two possible solutions for positioning a two link manipulator’s end-
effector at Peff
same Cartesian position. On the other hand, in inverse kinematics there can be
zero, one, or more than one solutions to the problem. Zero solutions is the result
of choosing a point where the manipulator can not reach i.e. the point is out of
the manipulator’s workspace. One solution results if the point to reach is on the
limit of where the manipulator can reach and more than one solution results when
the point is within the manipulator’s workspace. An example of a position that
has more than one possible result is demonstrated in Fig. 2.15, in this example
the orientation of the end-effector is being ignored. The desired Cartesian posi-
tion for the end-effector is located within the manipulator’s workspace and there
are two different robot configurations that can both reach to the desired point.
Each of the solutions are mirrored around an imaginary line drawn between the
manipulator’s base and the desired Cartesian position.
For certain restricted or simple configurations it is possible to find a closed
form solution to the problem. As an example the inverse kinematics solution to
the two link arm shown in the previous problems are shown in eq. 2.11 and 2.12:
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θ1 = atan2
(y
x
)
+ acos
(
l21 − l22 + x2 + y2
2l1(x2 + y2)
)
(2.11)
θ2 = pi − acos
(
l21 + l
2
2 − x2 − y2
2l1l2
)
(2.12)
where x and y are the distances along those respective axes to the desired point,
Peff , l1 and l2 are the link lengths and θ1 and θ2 are the joint angles that will
reach that desired point. For this two joint case the closed form solution was also
found through trigonometric manipulation and is not trivial. As the complexity
of the robot increases, closed form solutions quickly become more difficult, if not
impossible, to form (Sciavicco and Siciliano, 2005).
The joint and Cartesian velocities are again related by the Jacobian as in:
θ˙ = J−1(θ)P˙ . (2.13)
This equation is not as simple as the forward kinematics case as the solution
can only be found if the Jacobian can be inverted, this can only happen if the
Jacobian is a square matrix.
When it is too difficult to calculate a closed set of equations, or to use the
inverted Jacobian, then numeric algorithms must be resorted to. There are several
different methods to choose from, Buss (2004) describes many commonly used
methods and their respective strengths and weaknesses. The first method is the
Jacobian transpose method, the method operates by repeated applications of:
∆θ = αJT (θ)(Pdesired − Pactual), (2.14)
which generates a sequence of joint angle changes that will cause a robot to
converge from where it currently points to, Pactual, to the desired point, Pdesired.
The value of α is a coefficient controlling convergence rate, the higher the value
the larger the change in joint angles will be. It can be tricky to get the right
value of α and, due to this, the method suffers from convergence and oscillatory
problems. However, this method is the easiest to perform as the transpose of the
Jacobian is relatively easy to compute.
The second method is the pseudo-inverse method. This is very similar to
the transpose Jacobian method in that repeated applications of the process are
iteratively applied to find the result. This time the pseudo inverse of the Jacobian
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(J†) is used. The pseudo-inverse is a method of finding a matrix that has many,
but not all, of the properties of the inverted Jacobian, the benefit being that
it can be calculated even if the Jacobian cannot be inverted due to it not being
square. A second major benefit to this approach is that if the number of degrees of
freedom of the manipulator exceeds that of the task then secondary requirements,
such as obstacle avoidance, can be imposed on the controller via projection onto
the null space. The transpose Jacobian method is:
∆θ = J†(Pdesired − Pactual) + (I − J†J)ϕ, (2.15)
where ϕ is a vector that imposes the secondary requirements and I is the identity
matrix. For convenience the parameter θ to the Jacobian has been dropped from
this and future equations. This method is quicker to converge than the Jacobian
transpose method and allows for secondary objectives but does still suffer from
convergence and oscillatory problems.
The last method that will be described here is the damped least squares
method:
∆θ = JT (JJT + λI)−1(Pdesired − Pactual). (2.16)
This method reduces the size of the matrix inversion being performed and is
therefore quicker to calculate, it also does not suffer from convergence problems.
In fact, this method will converge stably to a solution even if there is none so
double checks must be carried out to ensure a valid answer has been obtained.
The problem with this method is selecting the damping constant λ, set too low
and oscillatory effects will appear, set too high and the method will take a long
time to converge to a solution.
2.7.3 Trajectory generation
So far the discussion has been about calculating discrete position and configu-
rations for a manipulator to occupy. Most robotic operations involve movement
and this needs to be planned out, whether because of the need to avoid obstacles
in the environment or because of limitations in the robot’s abilities. This section
will describe some of the basic concepts involved in planning the trajectories. For
simplicities sake, the environment the robot is working in will be assumed to be
empty. In the case of grasping, it is known that the environment will not be
empty, therefore, the grasping algorithms will need to be able to compensate for
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and react to the object in-order to be successful.
Trajectories are specified by a number of goal positions (way-points) that
should be navigated through with a desired speed and/or acceleration, a time limit
for the movements can also be demanded. There are many methods for calculating
trajectories that can satisfy these requirements (Sciavicco and Siciliano, 2005),
examples being bang-bang, cubic splines, interpolated linear polynomials with
parabolic blends and n-th order smooth functions. The method that will be
described here is the n-th order polynomial as it is one of the simplest methods
to compute and allows for full control over the speed, acceleration and timing at
the way-points. A fifth order polynomial, such as demonstrated in An et al.’s
work on comparing control algorithms (An et al., 1989), is chosen as this will
allow the acceleration curve to be fully smooth.
The requirements for this method are that each of the goals or way points
making up the path have a known desired position that has been converted into
joint angles and that the desired angular velocity and angular acceleration of each
joint at each way-point is also known. The timing requirements for each section
should also be known. The fifth order polynomial specifying the trajectory over
time takes the form of:
θ(t) = a+ bt+ ct2 + dt3 + et4 + ft5, (2.17)
with t being time and the six coefficients a to f allowing customisation over the
resulting path θ(t). The angular velocity over time and the angular acceleration
are found through differentiation and are, respectively:
θ˙(t) = b+ 2ct+ 3dt2 + 4et3 + 5ft4, (2.18)
θ¨(t) = 2c+ 6dt+ 12et2 + 20ft3. (2.19)
The start and end times for each section comprising the trajectory are spec-
ified, let the start time be ts and end time be te, along with the desired angular
position, velocity and acceleration at those times. Inserting these values and
rearranging into matrix notation forms:
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
θ(ts)
θ(te)
θ˙(ts)
θ˙(te)
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θ¨(te)
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e
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a
b
c
d
e
f

(2.20)
The vector of parameters a to f can then be found by inverting the six by six
matrix of time values and pre-multiply with the desired angular values vector.
The parameters could also be found much faster by using Gaussian elimination
(Matlab, 2006b). Thus, the current desired position in the trajectory at any
particular time can be found by inserting the current time into eq. 2.17, with
the relevant coefficients a to f for that section of the trajectory. It is important
to make sure that subsequent segment’s end and start points match in position,
velocity, acceleration and time to ensure smoothness.
As an example, the figures 2.16 to 2.18 contain the angular position, velocity
and acceleration trajectories respectively for a desired movement from zero radi-
ans to pi/2 radians in two seconds with start and end velocity and acceleration
all being zero. It can be seen from the graphs that the desired trajectory exactly
matches the desired values and that the trajectory is completely smooth.
In this example the smoothness of the resulting movement has been the main
consideration, it is not the only possible one. In some situations a path must
follow straight lines, robots with revolute joints would not normally be able to
follow such a path. Methods have been developed that can allow robots to fol-
low just such a path with a maximum error no bigger than a specified bounds
(McKerrow, 1998). This is unlikely to be required for whole arm grasping and as
such will not be discussed in any more detail. Non-smooth and jerky movements
are undesirable effects that can cause trouble for control schemes and should be
avoided where possible (Sciavicco and Siciliano, 2005).
Methods for finding desired arm configurations and planning routes between
them have been discussed. What has not been discussed are methods for con-
trolling the robotic hardware such that the robot follows the specified trajectory.
Three different control algorithms will now be discussed that can do exactly that.
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Figure 2.16: An example fifth order trajectory, angular position
Figure 2.17: An example fifth order trajectory, angular velocity
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Figure 2.18: An example fifth order trajectory, angular acceleration
2.7.4 PID Control
The simplest method of controlling the actuators is to use a proportional, integral
and derivative (PID) controller (McKerrow, 1998). Each of the three elements
perform their related mathematical operation on the position error and combined
into a single signal. The combined signal is then fed to the actuator and should,
in theory, reduce the position error. The combined signal, S, is calculated as:
S = Kpe+Kd
de
dt
+Ki
∫
e dt, (2.21)
where, e is the position error and Kp, Kd and Ki are the proportional, derivative
and integral gains respectively. The controller is demonstrated in block diagram
form in Fig. 2.19.
The proportional component is the most direct element and aims to directly
reduce the error, the larger the position error, the larger the response from the
component. The integral component increases in magnitude the longer the error
remains, the magnitude of the response from the element only reduces as the
sign of the position error reverses. The integral element works to remove steady
state errors. The derivative component works to eliminate oscillations from the
CHAPTER 2. BACKGROUND LITERATURE 73
Figure 2.19: Simulink block diagram of a PID controller
controller.
Different combinations of the individual components may be used to form
more suitable controllers, e.g. a PD controller is a controller with proportional
and derivative components but no integral component. One of the major troubles
with PID control is caused by the fact that there are three coefficients that need
to be selected. The performance of the PID controller is heavily dependant on
the coefficients used and these will change depending on the experimental setup,
ambient conditions and time.
The coefficients can be found by very crude means such as simply system-
atically tuning the controller until the desired response appears, so-called ‘trial
and error’ (McKerrow, 1998). More sophisticated tuning methods have been de-
veloped, although they were originally used for controlling chemical plants they
can still be used for robotic control systems. They are based on finding coeffi-
cients that will result in a system that has a quarter reduction in overshoot for
each subsequent oscillation. Ziegler and Nichols (1942) are an often cited source,
but more recent alternatives have been proposed that perform similar operations,
most notably by Tyreus and Luyben (1992) and Luyben (1996), or provide set-
tings for more conservative reductions in oscillations (Sebory et al., 1989). These
methods operate by applying a known input signal (e.g. step input) and mea-
suring the amplitude and frequency of the resulting oscillations in the output.
The amplitude and frequency of those oscillations are then used to calculate the
required PID coefficients via simple multiplication operations with pre-calculated
values.
Overall, the PID control algorithm finds much use due to its simplicity and ef-
fectiveness for relatively simple problems. Robotic arms that have a large number
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of links, such as that found in whole arm grasping problems, have a large amount
of coupling between the joints and this can cause oscillations due to the neglect
of the arm’s dynamics. Control schemes that take into account the manipulator’s
dynamic effects will therefore now be discussed.
2.7.5 Inverse Dynamics
Forward dynamics is the study of how the actuating forces applied to joints causes
the joints to move (Sciavicco and Siciliano, 2005). Items such as the link’s length,
mass and inertia matrix all affect the dynamics of the manipulator and are all
taken into account. Inverse dynamics is used more often in robotic applications as
usually the desired angular position, velocity and acceleration are known quan-
tities and the forces needed to produce this movement are required (Sciavicco
and Siciliano, 2005). There are many generalised algorithms that can be used to
find inverse and forward dynamics, such as the work by Featherstone and Orin
(2000), but for simplicities sake the inverse dynamics of an n-link planar manipu-
lator will be demonstrated using the efficient and elegant recursive Newton-Euler
formulations (Richardson, 2006). These are a set of equations comprising of two
parts, the outward recursions, which resolve the motions and forces acting on the
links, and the inward recursions which take into account the coupling between
joints. Eqs. 2.22 to 2.28 are the outward equations and should be used first by
working through systematically from the base link to the outermost link.
ωi = ωi−1 + θ˙i (2.22)
ω˙i = ω˙i−1 + θ¨i (2.23)
iv˙i−1 = iRi−1i−1v˙i−1 (2.24)
iv˙i =
iv˙i−1 + Li
[
−ω2i
ω˙i
]
(2.25)
iai =
iv˙i−1 + ci
[
−ω2i
ω˙i
]
(2.26)
iFi = mi
iai (2.27)
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Ni = Iiω˙i (2.28)
In each equation the subscript i denotes the link number, ω is the angular
velocity around the links centroid, θ is the links rotation around its joint, R is the
rotation matrix that allows changes in reference frames with super and subscripts
denoting the reference frame, m, L, c and I are the link’s mass, length, length to
centroid from joint and inertia matrix whilst v, a, F and N are the link’s centroid
velocity, acceleration, force and moment.
Eqs. 2.29 to 2.31 are the inward recursions and should also be used system-
atically after the outward recursions have all been calculated. In these equations
τi is the torque that should be applied to link i’s motor that will result in the
desired movement.
ifi+1 =
iRi+1
i+1fi+1 (2.29)
ifi =
iFi +
ifi+1 (2.30)
τi = Ni + τi+1 +
ifi,yci +
ifi+1,y(Li − ci) (2.31)
These torque values are only correct if the system acts as in the ideal case,
in the real world there are additional unmodelled or incorrectly modelled effects
that will cause position errors to appear. Any discrete jumps in the input coupled
with the fact that the algorithm is calculated at discrete time intervals will also
cause errors, which is why it is important to have a smooth trajectory. Applying
just the ideal case torques to the robot results in a control method called feed-
forward inverse dynamics (Sciavicco and Siciliano, 2005), a block diagram of the
controller is shown in Fig. 2.20. Applying feedback principles to the problem
can fix these errors, an example is the computer torque controller (Sciavicco and
Siciliano, 2005) shown in block diagram form in Fig. 2.21. The computed torque
controller modifies the desired acceleration by adding in a portion of the position
and velocity error. The addition of feedback principles can prove to be a vast
improvement over plain feed-forward inverse dynamics.
The improvement between feed-forward and feedback methods is demon-
strated well by An et al. (1989); An et al. (1989) compares independent joint
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Figure 2.20: Simulink block diagram of a feed-forward inverse dynamics controller
Figure 2.21: Simulink block diagram of a computed torque controller
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PD control with a feed-forward inverse dynamics and PD controller and a com-
puted torque controller. All three methods are tested with a position reference
but were also tested again with an additional velocity reference. The methods
that used velocity references outperformed in terms of positioning error their
non-velocity reference counterparts. Likewise, the inverse dynamic model based
approaches significantly improved the position error. An et al.’s findings showed
little difference between feed-forward and computed torque control because the
feed-forward controller made use of an additional controller to correct for errors.
Sciavicco and Siciliano (2005) performed a comparison between the plain feed-
forward and computed torque control with computed torque control easily per-
forming the best. They also highlight one of the major problems with this type
of approach, namely the fact that it is a model based approach. If the model
changes, perhaps because of an increase in load or change in electrical charac-
teristics, then the model becomes invalid. The computed torque controller can
compensate for minor variations but only up to a limit. This problem can be
overcome by using self tuning concepts that can be used to continually update
the model of the robot, to adapt it to changing circumstances. An example of this
is by Mahanta and Bhagat (2006) where a fuzzy logic controller is used to adapt
parameters. Their approach works very well even when the applied load of the
arm is changed from zero to thirty kilograms and even when noise is artificially
added to the inputs.
2.7.6 Impedance control
Impedance control was first proposed by Hogan (1985) and operates by defining
a relationship between the position error and force applied by the end-effector
towards the desired position. The relationship can vary but often takes the form
of a mass-spring-damper system:
F = K(Pdes − Pact) +D(P˙des − P˙act) +M(P¨des − P¨act), (2.32)
where Pdes is the desired Cartesian position and Pact is the actual position. K, D
and M are the spring, damping and mass coefficients respectively. The resultant
force, F , is directed towards the desired position and will cause the position error
to reduce.
This method of controlling the end-effector is designed to make the system act
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like a physical non-active (i.e. passive) system, one that takes energy out of the
system. This is very useful for situations where contacts between a manipulator
and object will occur as this control system will behaviour in a predictable and
gentle manner. Resolving the force into joint torques can be accomplished by
using the principle of virtual work (Hogan, 1985):
τ = JTF , (2.33)
with J being the Jacobian, F the force calculated in eq. 2.32 and τ is the torques
that should be applied to the joints of the robot. There are many different types of
impedance control, Zeng and Hemami (1997) have written a wide overview of the
different approaches that can be taken and may be useful for further information.
This type of control is only interested in the interaction of the end-effector with
the object. This does not happen in whole arm grasping as contacts can occur
anywhere along the arm. Still this method has the desired effect of controlling
the contact behaviour and so may prove useful if it can be adapted.
2.7.7 Comparison
Each of the three commonly used control methods have their respective areas
in which they perform the best. Inverse dynamics allows for highly accurate
positioning, but due to the use of models any inaccuracy in them will cause
large errors. Inverse dynamics also requires access to additional sensors that
can measure the torque output of the motors. Impedance control allows for a
controlled and predictable contact behaviour between object and robot but only
at the end-effector. Again, the ability to sense the torque output of the motors
is required. Lastly, PID control is the simplest of the three and requires the least
amount of hardware. It has some severe limitations in that tuning the controller
can be an art and using a PID controller on highly interconnected processes (such
as a whole arm grasping arm) can result in an arm that can only respond very
slowly or become unstable.
2.8 Assumptions
The many works described in this chapter have made use of a variety of assump-
tions. In this section the different assumptions will be explicitly stated, with their
validity and applicability to whole arm grasping being discussed.
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Starting with robot design and configuration, it is often the case that revo-
lute jointed robots are only considered. There are two basic kinds of joints:
prismatic and revolute. Prismatic joints are joints that provide a relative trans-
lational motion between two links of the robot, whilst a revolute joint provides a
relative rotational movement between two links (Sciavicco and Siciliano, 2005).
The kind of curling and wrapping motions that occur during a normal grasping
process, as demonstrated via the literature, does not lend itself to prismatic joints
but is ideal for revolute joints. Due to the nature of the grasping problem this
assumption is valid.
The majority, but not all, of the methods use electric DC motors as actua-
tors. As found in the literature review there is no clear actuation method that
outperforms any other with regards to whole arm grasping. This means that it
should not be assumed that electric DC motors are the actuation medium, any
methods developed should be generic enough such that they can be applied to
any actuation method.
Another related consideration is that of sensors. Much research in the area of
whole arm grasping makes the assumption that a force sensitive skin is available to
provide in-depth information regarding contacts. As found in the literature review
this assumption is currently infeasible. However, in the future this technology is
likely to be available, consequently, any methods developed should not rely on
special external sensory equipment, but should also be able to easily incorporate
such technology if/when it is made available.
The material on the robot affects the choice of the contact model that can
be used. There is no one method that researchers prefer over any other. The
soft body contact model is only needed if the material of the robot is malleable
and deforms upon impact, this will not be the case in this work due to the
materials available. A hard body contact model will therefore be employed in
this work for simplicities sake, but also because if a grasp can be found for the
hard finger model, then it will also work for the actual soft finger robot as friction
aids grasping (Ponce and Faverjon, 1995). Similarly if the frictional coefficient of
the robot is unknown it can be set to zero and the hard-finger model instantly
becomes the frictionless model, if a grasp can be planned with a frictionless model
then the grasp is possible between any type of contact material.
In the grasping research there are two types of robotic manipulators consid-
ered; snake-like single chained manipulators (Walker et al., 2005) and hand-like
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multi-chained manipulators (Bicchi and Kumar, 2000). Single-chained ma-
nipulators will be considered in this work. Multi-chains are a different problem,
they are an exercise in cooperation between multiple single-chained robots. The
work described here could be used as a basis for any extensions built to contend
with the cooperative problem of multiple agents.
In this research only static objects will be considered: the object to be
grasped is at rest and any external forces, such as gravity, are being resisted (for
example by resting on a table). The additional task of catching moving objects
can be considered a small extension to the work in here, the whole arm grasping
robot merely needs to match the object’s movement but otherwise carry out the
grasping as outlined here. This assumption eliminates the need for robotics that
can react and adapt quickly to changing circumstances.
Various assumptions are made about the prior knowledge of the object.
One of the major assumptions used is that the object’s position and shape is fully
known prior to beginning the grasping process. This assumption is used to ignore
the first step of the grasping process, which is to determine the object’s shape,
but the task must be considered at some point otherwise whole arm grasping will
never be a viable ability. This assumption will be used in this work, but only
for the grasping planning subtask; this will allow each grasping subtask to be
considered separately from each other. A method for attaining this knowledge
will be presented so that this problem is not ignored. The method discovering the
shape of the object will only assume that the object to be grasped is within the
workspace of the robot. The exact shape and position of the object is otherwise
assumed to be unknown. It is reasonable to assume this as it is unreasonable
to assume that you wish to grasp something but have no idea where the object
is. If you have an idea where the object is, it is perfectly feasible to position a
robotic manipulator such that the object is located within the workspace of the
robot. Overall, a less restrictive version of this assumption is used as methods
of attaining knowledge regarding the shape and position of the object will be
described and developed.
Assumptions are also made as to whether 2D or 3D objects are being con-
sidered. This is a rather clear cut decision to make as objects will be grasped in
a 3D environment, therefore any algorithm needs to be able to analyse 3D cases.
The 2D simplification/assumption will not be used.
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The last assumption that will be considered is that of having a grasp proto-
type supplied at the start of the grasping process. This is used to simplify the
grasping process or because certain methods require an initial seed grasp to work
upon and improve. The trouble is that finding that prototype grasp is often the
most difficult part of the grasping process, performing a local search when such a
grasp is found is relatively simplistic. This assumption will also not be employed.
2.9 Summary
In summary, grasping occurs in many different forms and methods in the natural
world and provides a source of inspiration for many researchers. Relatively simple
motions are often used even when the manipulator itself is amazingly complex.
It has also been found that the grasping process can often be broken down into
a number of subtasks that can then be solved independently of the others. The
actual structure of muscle in animals, although interesting, is unlikely to be of
any use in this research due to the current state-of-the-art actuator technology
not being able to replicate that kind of actuation.
The common representation of grasps has been described and demonstrated.
The method combines the applied forces into wrenches to take into account
torques and forces and uses the convex hull of the resulting wrenches to sup-
ply information regarding the current grasp. Information, such as whether the
grasp is stable or not and the strength of the grasp, can be extracted from the
convex hull. Friction can easily be taken into account, although it is generally
accomplished through a linearisation simplification. In the case where the fric-
tion between the manipulator and object is being estimated, underestimating the
friction of the system is generally the best course of action as friction only aids
grasping.
The most common methods for analysing the strength of grasps have also been
discussed. Coelho and Grupen (1994) summarise the different quality measures
succinctly and they are: capacity to resist external disturbances (Wrench ball),
distance between contacts, ratio between applied forces and resulting wrenches,
minimisation of applied forces and stability/robustness. The wrench ball method
that employs analysis of the convex hull of applied contact wrenches is found to
be the favoured quality measure, although it does sacrifice robustness in favour
of strength. It is worth highlighting the robustness vs. strength problem in that
strong grasps are not robust whilst robust grasps are not strong.
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There has been much interest in grasps that consist of independent contacts
for a long time, but it is only recently that interest has increased in the area of
whole arm grasping. Finding contact positions for a finite number of independent
contacts on 3D objects is almost a solved problem. Authors such as Coelho
and Grupen (1994), Liu (2000), Zhu and Ding (2006), and Cornella and Suarez
(2005a) all describe competent algorithms for this problem that can all provide
good, if not optimal, solutions. Further advances in the field will likely only
improve upon the speed at which the solution can be found. The major drawback
identified by this survey, which limits these existing algorithms for use with whole
arm grasping, is the lack of consideration of the structure of the manipulator. This
is intentional by all authors as this is not such a big problem for independent
grasps and would require much effort too incorporate. Unfortunately, for whole
arm grasping the structure of the arm can not be ignored and this means that
many of the independent contact approaches cannot be used, although this does
not mean that the work is entirely worthless with respect to whole arm grasping.
The finger-tip based research has produced many results that can be incorporated
into this work, one example being that a wrench ball strength of 0.1 is perceived
as strong, and another being methods for quickly analysing the strength of any
grasps returned.
On the other hand, whole arm grasps have the potential to be stronger and
more robust but at the expense that they are more complicated to compute
and attain. The literature that has been reviewed has almost exclusively been
researched and proved via simulations, there is very little in the way of results
produced using actual hardware. The approaches have mostly described methods
that use simplifications to the grasping problem to make the problem tractable.
Most approaches have also used specific hands and are not generalisable to all
possible whole arm grasping robots. Busch’s approach (Busch, 2002) is the most
accomplished approach as a single chained manipulator is the most basic element
of a whole arm grasping robot. Approaches that work on these types of robot
could, with modifications, be made to work with multiple fingers cooperatively
to form a hand like appendage, or other more bizarre manipulators. Using simple
grasping movements to explore the object’s shape allows the first task in grasping
to be accomplished: that of finding the object’s shape. Only Pollard’s approach
(Pollard, 1997) explicitly attempted to analyse possible grasps for their possible
strengths and thereby carrying out the second grasping task, this is something
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that has to be carried out in order to find a strong grasp.
The various assumptions used throughout the different research areas have
been discussed. The assumptions that will be used in this research are that a
3D shape of unknown position and shape will be placed for grasping within the
workspace of a single chained snakelike robot. The robot will have frictionless/hard-
finger contacts and can have any kind of actuation method as long as the arm
is made up of discrete rotational elements. The robot will not have or need so-
phisticated sensors beyond existing off-the-shelf devices commonly available now.
This set of assumptions is much smaller than that used in the existing literature,
this will allow the developed methods to be applicable to a much wider range of
robots and objects than is currently possible.
In summary, much needs to adapted and researched in order for whole arm
grasping to become a viable grasping method. If this can be accomplished then
whole arm grasping will provide strong and robust methods for robots to manip-
ulate objects, this is demonstrated by the very accomplished grasping carried out
in the natural world.
Chapter 3
Description of the Simulation and
Hardware
An experimental robotic manipulator and a simulated robotic manipulator were
both used in this thesis to demonstrate principles or to prove theories. This
chapter provides a description and characterisation of each manipulator. The
simulated and hardware manipulator are similar in appearances and function,
they each consist of a serial chain of links connected by revolute actuators. The
manipulators operate in a planar fashion only even though the whole arm grasping
algorithms are capable of operating on 3D objects, this is due to the poor power-
to-weight ratio of the actuators. Handling the non-planar situations are discussed
in more detail in the relevant sections in later chapters.
3.1 Design of the experimental equipment
The experimental equipment is designed to be the simplest whole arm grasping
robot possible. To this end, the manipulator comprises of only four links. The
four links will allow one link to be used for positioning whilst the remaining
three are enough to provide a small triangular encirclement around an object.
Having a manipulator with relatively few degrees of freedom limits the amount
of work that needs to accomplished with regards to controller performance and
analysis. More time can instead be concentrated on the development and analysis
of the whole arm grasping algorithms. The manipulator also contains minimal
sensing equipment to demonstrate that a reliance on sophisticated equipment is
unnecessary.
The hardware has been designed such that it can be reconfigured with a
minimum of effort and allows for the possibility of correction if a particular con-
figuration is found to be lacking. This has been accomplished though the use of
modular links that can be easily taken apart and reconfigured. The experimental
manipulator consists of four identical modules with each module consisting of a
motor, gearbox, potentiometer and torque sensor, as shown in Fig. 3.1. The
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Figure 3.1: A module
Maxon 110120 DC electric motor (Motor, 2010a) was chosen to perform the ac-
tuation. The DC electric motor was chosen due to the ease of acquiring, setting
up and maintaining such a device, for a more detailed discussion on actuators
refer back to section 2.6. The gearbox, a Maxon 134171 (Motor, 2010b), has
a 19683:125 ratio. This large increase in torque is required as the maximum
continuous torque output of the motors, 0.00648 Nm, is insignificant, whilst the
maximum velocity, 8760 rpm, is far too large and unnecessary for the small move-
ments involved in grasping applications. The potentiometer is attached between
the structure of the module and the motor and allows for the sensing of a full
360◦ angle of rotation. The torque sensor is a Transducer Techniques TRT-25
(Transducer Techniques, 2010) and is rated up to 2.825 Nm, which is plenty when
the gearbox ratio is factored into the maximum continuous torque of the motor.
A PCI-730e data acquisition board (Eagle Technology, 2010) performs the
digital to analogue and analogue to digital conversion between the actuators,
sensors and PC control software. Each analogue to digital input channel has a
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Figure 3.2: The experimental setup
resolution of 14 bits. The potentiometers measure 0 to 10 volts for the 0 to 2pi
radian detection range. This therefore means that the smallest angular increment
that can be detected is 0.000383 radians, 0.022 degrees.
Four links were combined to form the manipulator as shown in Fig. 3.2.
The aluminium plates and white circular plastic connectors used to connect each
module together each have a large number of connection points, this allows for a
large variation in how the modules connect together.
Alternative actuation devices could be used instead of the chosen DC electric
motors as long as the alternative actuators can cause rigid links to rotate relative
to each other. Most actuation methods including pneumatics, hydraulics and
shape memory alloys can be made to perform in this manner and, consequently,
the setup shown here could be adapted to use those actuators. Due to the modular
nature of the work, only small changes to the control algorithms, rather than also
changing the grasping algorithms, would be required to use those alternative
actuators.
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3.2 Characterisation of the experimental equip-
ment
This section will characterise the experimental equipment described in the pre-
vious section, beginning with the angular sensors and angular response of the
motors. A sample time of 0.002 seconds is used throughout all the tests using the
experimental setup. The fastest theoretical sample time allowed by the hardware
is 0.001 seconds but this is not attainable with the processing power available
on the PC controlling the manipulator. The PC in question is a dual-core 3Ghz
machine with 1Gb of ram running Windows XP SP3.
Fig. 3.3 shows a snapshot of the noise from the potentiometers (as a function
of angle) when the motors are stationary. The standard deviation of the noise is
5.2191× 10−4 radians, which when compared with the full range of motion being
2pi radians is a small amount of noise. Unfortunately, due to the small sample time
this level of noise, although low, is still too high for use with differentiating to find
a velocity and acceleration reference. Upon differentiating the above signal to find
the velocity and acceleration, which should be 0 rad/s and 0 rad/s2 respectively,
the standard deviation of the noise will have increased to 0.261 radians and
130.5 radians respectively. These levels of noise are now significant especially
considering that the motors have a low maximum velocity and acceleration.
A step input of +12v is now applied to a motor in an unblocked module at
time 0s and the movement response of the motor is recorded, the results are shown
in Fig. 3.4. The motor takes very little time in reaching its maximum velocity
(roughly 0.025 seconds) and so there is only limited scope for acceleration. The
various graphs also show a delay in the motor moving, this is likely to be due to
backlash in the gearbox.
Fig. 3.4 has been differentiated with respect to time to produce Fig. 3.5.
The purpose of this is to demonstrate the maximum speed of the motor, which
was found to be 4.0288 rad s−1. This was found by calculating the mean of three
runs for the period where the velocity has settled (0.1 seconds and onwards). The
graph also shows how the small amount of noise is amplified to be quite significant
even after differentiating the input signal just once. Differentiating this data
again to find the acceleration would produce data that would be indistinguishable
from noise. Comparing the theoretical no-load speed of the combined motor
and gearbox, 5.8408 rad s−1, to the actually obtained value, 4.0288 rad s−1,
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Figure 3.3: Demonstration of noise from an angular sensor
Figure 3.4: Movement response of motor to a step input (+12v) applied at time
= 0s
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Figure 3.5: Velocity over time of the motor for the same step input
demonstrates that the motor is slightly loaded by the weight of the module.
3.2.1 Torque characterisation
The torque sensors produce noise under static conditions as shown in Fig. 3.6.
The standard deviation of the noise is 5.4595 × 10−4 Nm, which is very low
when compared to the ±2.82 Nm range of the torque sensor. The voltage-torque
relationship of the motor is shown in Fig. 3.8, the maximum torque output of
the motors is 1.2682 Nm, which is also well within the detectable range of the
torque sensors.
In order to find the motors’ torque response a triangular voltage signal, shown
in Fig. 3.7, was applied to the motors and the resulting torque measured. A
triangular voltage input signal was chosen, rather than a square wave input,
as it allows the frictional effects to be seen. The triangular input signal also
demonstrates the torque output of the motor across the entire range of voltage
input signals. The modules were blocked such that they could not rotate, this
eliminates additional factors such as damping due to motion from consideration.
The torque response of the motors to the triangular input is shown in Fig.
3.8 and shows some non-linear behaviour. In Fig. 3.8 there is an initial period
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Figure 3.6: Demonstration of noise from a torque sensor
Figure 3.7: Triangular wave input to blocked motor
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Figure 3.8: Voltage torque relationship for the motor, increasing time indicated
by arrows
(directly under the box marked start) where no torque occurs even though the
voltage is increasing, this is likely due to static friction (Olsson et al., 1998) and,
to a limited extent, due to the backlash in the gearbox. What dominates the
graph though is the presence of hysteresis. The motor quite clearly does not have
a linear relationship between voltage and torque, but this is to be expected from
motor theory (Sciavicco and Siciliano, 2005). The specific cause of this non-linear
effect is a combination of effects such as friction and gearbox backlash.
A modified triangular wave input, shown in Fig. 3.9, was applied to the same
blocked module in-order to further investigate the hysteresis behaviour. This
trajectory was chosen as it includes regular relaxation paths that do not fully
return to the origin. If the behaviour is a hysteresis effect then it would be
expected that the motor’s torque response would not return to zero via the same
upward path. The torque response of the motor is shown in Fig. 3.10 and does
show further evidence of hysteresis. The smaller peaks cause the torque to not
fall back upon itself in a linear fashion, exactly as expected from a hysteresis
effect. Instead, the motor manages to maintain the peak torque output for the
duration of the relaxation in applied voltage.
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Figure 3.9: Irregular triangular wave input to blocked motor
Figure 3.10: Voltage torque relationship in response to the irregular triangular
wave input
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3.3 Torque control
Being able to control the torque applied to each joint of the experimental hard-
ware will allow for more sophisticated control methods, such as computed torque
control (Sciavicco and Siciliano, 2005), to be employed. Unfortunately, the non-
linear graph of voltage vs torque in section 3.2.1 demonstrates how difficult it will
be to find a direct relationship between the voltage applied to a motor and the re-
sulting torque. The effect of the static friction and hysteresis effect is that there
is not a one-to-one relationship between applied voltage and resulting torque.
These non-linearities make it difficult to use much of the existing body of work
to control them, as control theory relies upon the fact that an accurate model of
the system can be found and manipulated.
The equations governing the relationship between current and voltage and
torque and current are well known (Sciavicco and Siciliano, 2005) and are, re-
spectively:
V = IRm + Lm
dI
dt
+Kf
dθ
dt
(3.1)
τ = KtI (3.2)
The Kt and Kf values are motor constants, Rm and Lm are the motor’s resistance
and inductance values, V and I are the voltage and current flowing through the
motor, and τ is the resulting torque. The addition of the gearbox greatly compli-
cates matters as this introduces a variety of non-linearities that will each require
extra modelling effort. Sources of some of these non-linearities are variations
in stiffness in the teeth of the gears, non-linear bearing stiffness and backlash
(Nevzat O¨zgu¨ven and Houser, 1988). Additionally, the gearbox will add its own
frictional effects in addition to those caused by rubbing in the module components
or in the motor itself. Research into frictional effects is still an ongoing research
area and the results show that it is highly non-linear (Olsson et al., 1998).
Modelling such a non-linear system is complicated and difficult process and
is likely to result in an inaccurate model. An alternative to accurately modelling
the motors would be to use a simplified model and use feedback to correct for
any errors whilst controlling the motors. In the case of the single module, the
system was modelled as a simple gain. This is the most simplified any system can
be reduced to (Richardson, 2006), but it can still provide accurate results when
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Figure 3.11: Open loop torque output to a square wave activation input
feedback is used. Negative feedback is used with feed-forward and feedback gain
terms used to provide a unity follower (DiStefano et al., 1990), this causes the
actual torque output to follow the desired torque output by controlling only the
voltage applied to the motor.
3.3.1 Deriving the feedback components
The torque output from the motors in response to a square wave voltage input
signal can be seen in Fig. 3.11. The desired behaviour of the proposed torque
controller is to have the actual torque output follow a desired torque input.
The feedback system shown in Fig. 3.12 was used to get this behaviour. The
unit-less gains, Kp and Kf , can be altered to correct for undesirable effects such
as steady state error or instability. It is desirable to make Kp as large as possible
such that the responsiveness of the system is high but not too high such that
the system remains stable. Setting the gain to high results in unstable behaviour
as the gain overcompensates for error, at each successive time step the error
will be larger and the gain will again overcompensate, the system will therefore
oscillate with an ever larger amplitude. A value for Kp was found experimentally
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Figure 3.12: The inner torque loop model
by setting Kf to one and systematically finding the highest value of Kp that
resulted in stable behaviour. In this case Kp was found to be 5, this value was
now fixed as higher values cause the controller to become unstable whilst lower
values decrease the responsiveness of the controller. PID tuning methods, as
described in 2.7.4, could have been utilised instead of the labour intensive search
described here except that there is no guarantee that these will be optimal values.
The systematic search provides a greater confidence that the chosen values will
perform as desired.
An estimate for Kf was found by control system algebra once Kp was settled
upon. Firstly, the motor was modelled as a simple gain, Km, of value 0.69. This
was found by dividing the steady state torque output of the motor by the desired
torque from Fig. 3.11. Equation 3.3 then shows the calculation that returns the
value of Kf in terms of the motor gain Km and the feed-forward gain Kp, this
equation is found via block diagram algebra (DiStefano et al., 1990). A value of
0.7101 for Kf is returned.
Kf =
KpKm − 1
KpKm
(3.3)
The calculated value of Kf is unlikely to be the best value due to the sim-
plification process used and as such three different values for Kf were analysed
experimentally to find the best value. The results for the three different values
of Kf are demonstrated in figures 3.13 to 3.15.
Table 3.1 compares the sum of the squared torque response errors for the
different parameters over three runs apiece. Although the gains of Kp = 5 and
Kf = 0.8 results in the lowest overall sum squared error it was not chosen because
it results in more oscillations in the torque curve then the values of Kp = 5 and
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Figure 3.13: Closed loop torque control: Kp = 5, Kf = 0.6
Figure 3.14: Closed loop torque control: Kp = 5, Kf = 0.7
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Figure 3.15: Closed loop torque control: Kp = 5, Kf = 0.8
Sum squared torque error (N2m2)
Kp Kf Run 1 Run 2 Run 3
5 0.6 46.4019 46.9867 46.5644
5 0.7 29.0894 24.2100 28.1529
5 0.8 27.6552 26.8732 24.8986
Table 3.1: Sum squared torque error for the different parameters and runs
Kf = 0.7, this indicates that the system may be more unstable, which may cause
trouble if higher torques are demanded. The values Kp = 5 and Kf = 0.7 were
therefore chosen as the values to use.
3.4 Simulated manipulator
There are situations where a hypothesis needs to be tested on a wide range
of robots or a highly expensive robot. The hypothesis may also only have a
low possibility of success or requires sensors/actuators that do not exist. In
these cases building a physical robot would not be ideal but simulations could be
utilised instead. Simulations are ideal because of the fact that objects and robots
can be manipulated on the fly without the need for any physical manufacturing
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Figure 3.16: The simulated fifteen link manipulator
stage, this can result in decreased costs and time involved in the testing of a new
product. There are drawbacks to simulations in that they are always going to be
approximations of the real environment.
The simulation environment used in this work is Msc Visual Nastran 4D
(vN4D) and this is controlled by Matlab Simulink. Both of these products are,
or have been, commonly used in industry and trusted to provide accurate models
of environments.
The simulated manipulator used throughout this work consists of a set of
fifteen identical links each connected by revolute motors and is shown in Fig.
3.16. Each of the fifteen grey cuboids is a link, the smaller green cylindrical
objects represent the motors. Coordinate frames are attached to each link as
specified by the Denavit-Hartenberg convention (Sciavicco and Siciliano, 2005).
The torque each motor applies can be individually controlled, whilst the angular
position of each motor can be individually read as an output. The position and
orientation of the object being grasped is also provided as an output.
The simulation has intentionally neglected to model effects such as friction
and torque saturation as the compensation for these effects is not a research
interest. There are techniques that could be employed to compensate for these
effects and adding these techniques would not add anything to the study of whole
arm grasping techniques. Instead the simulation has been designed such that it
is similar to the experimental hardware in terms of construction and only the
mass, inertia, size and number of links has been changed. Table 3.2 contains the
parameters for each link and for the manipulator in total, each link is identical.
The robot is again constrained to planar movement for the purpose of this work,
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Parameter Value
Num. Links 15
Link length 0.1m
Link width 0.1m
Link height 0.2m
Link weight 0.1Kg
Link inertia @ CoM around x axis 0.000167
Link CoM from rotation point 0.05m
Sample time 0.002s
Table 3.2: Parameters for fifteen link simulated robot
extension to non-planar movement is trivial if using inverse dynamics schemes,
as it simply requires the inclusion of a gravity term in the dynamic equations
(Sciavicco and Siciliano, 2005). The additional complexity of compensating for
gravity does not add anything to the whole arm grasping research and as such
has been ignored.
An example Simulink control application is shown in Fig. 3.17. Most con-
trol systems built for this work will comprise of similar setups, they consist of:
trajectory generators, control equations and simulated model interaction blocks.
Each of those items have been identified and highlighted in Fig. 3.17. Data can
be recorded from any point in the model, which is useful when analysis of an
algorithm is required.
3.5 Object tracking
In order to evaluate the performance of any developed algorithms it is useful to
know how the position of the object that is being grasped is affected during the
grasping process. This means that the object’s position and orientation should
be recorded during the grasping process. This is trivial in simulation but much
harder to accomplish for the hardware cases. This section details the process de-
veloped to track the object that is being grasped by the experimental equipment.
A visual tracking system was developed to track the object during the grasping
process. In simple terms the visual tracking system records the object’s movement
over time via a USB webcam and then processes the recorded movie to extract the
object’s position and rotation. This was accomplished via an object segmentation
algorithm, which required careful crafting of the environment. The precise process
will now be described in more depth.
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Figure 3.17: An example Simulink control application, the vN4D interface block
facilitates the interaction between Simulink and MSC Visual Nastran 4D.
3.5.1 Image segmentation
The movie acquisition is a simple process and is initiated manually before any
control algorithm is allowed to run and is stopped after the control algorithm has
finished. The movie records at a rate of twelve frames a second. All additional
processing is then performed oﬄine on the resulting movie files. The aim of
the image segmentation is to find the object’s position and orientation over time
relative to the base joint of the manipulator. To do this both the base joint and
object were made to stand out from the background through the use of highly
coloured markers, an example of which can be seen in Fig. 3.18. The background
and manipulator have been made as plain as possible, being either white or
black in colour, which makes a large colour difference between the markers and
everything else.
The image segmentation procedure segments the image by colour and decides
which colour belongs to which object. Because each object comprises of two
unique colours that are always in the same relative position it is possible to
work out the rotation of the object through the relative position of the two
markers making up each object. A simple application of the atan2 function to
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Figure 3.18: An example object, both the robot’s base and the object have two
markers to aid in determining orientation
the relative position of the two colours making up the marker will then return
the orientation of that marker. The position of the marker is merely the average
position of its two comprising colours. The USB camera was calibrated such that
pixel coordinates could be translated into actual distance values, the differing
heights of the objects and base joint were taken into account when calculating
the distance in millimetres. The type of calibration carried out was relatively
simplistic when compared with the possible methods that could be employed
(Forsyth and Ponce, 2003) but as we shall see the simplification does not impinge
on the resulting accuracy of the approach. The position and orientation of the
object are then compared with those of the base marker to find a relative result,
this allows results between different experiments, where the camera’s position
may change, to return consistent and comparable results.
The interesting portion of the image segmentation process is in the actual
process of segmenting the colours and shapes. The process used is not a new or
novel process, but more of an application of existing techniques. As such, faster
and/or more accurate methods may exist and could be used, but the method
outlined here suffices for this work. The movie stores data in the RGB format
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and is then converted to the CIE 1976 (L*, a*, b*) colour format. The CIE
1976 (L*, a*, b*) colour format, shortened from now on to LAB, allows for easier
colour differentiation due to the way the colour space is laid out (Matlab, 2006a).
The LAB colour space represents a pixel’s colour by three values, the first is a
measure of the pixel’s lightness (L), the second is the pixel’s colour in the range of
blue to yellow (b) and the last is the pixel’s colour in the range red to green (a).
By separating out the lightness values it is easier to ignore shadows and bright
patches by ignoring the pixel lightness component of the colour space.
Once a frame is converted to the LAB colour space the following process is
repeated for each of the four coloured markers. Each pixel in the picture has its
deviation from the current marker’s colour (measured prior to analysis) measured
as per:
Deviationi,j = |Pixeli,j,a − Coloura|+ |Pixeli,j,b − Colourb| , (3.4)
where a and b are the respective components of the colour space, Colour is
the colour of the current marker being analysed (found by example), Pixel is the
current pixel colour and i and j are discrete pixel locations in the picture.
A histogram of those deviations is then produced, an example is shown in
Fig. 3.19. Three groups of peaks will result, one corresponds to the desired
object colour and the two others are caused by background colours and other
marker colours. A method called histogram thresholding (Davies, 2005) is then
used to separate out the three groups. Two thresholds are selected that separate
the histogram into three regions, these thresholds are iteratively moved such
that they settle down to the minima between each of the three groups. The
thresholds are moved by finding the average location of the regions either side of
the threshold, the threshold is then moved to the mid-point between those. A
weighted combination of the region positions can also be used depending on the
relative size of the peaks and their tail sizes. The process is finished once the
thresholds do not change by more than one pixel colour value, the precise value
is set by the user. Pixels that correspond to the marker colour will have a low
deviation value so the threshold that splits the low region from the middle region
marks the deviation value below which a pixel is counted as a marker pixel. The
marker location is then found by averaging the position of all pixels that were
identified to be in that low end region.
The initial threshold values are set to be to the left and right of the highest
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Figure 3.19: An example histogram
peak in the histogram. The highest peak corresponds to the majority of the
pixels, which will be the background pixels, and is always located mid-range on
the histogram. This ensures that the histogram thresholds start in roughly the
correct position. This is also why it is important to carefully craft the environment
otherwise this important property is lost and more complicated algorithms are
required to classify the pixels.
3.5.2 Evaluation of performance
The performance of the object tracking will now be demonstrated. Firstly, it
should be noted that algorithm is very slow, there was never any requirement for
it to be fast as it is only used to measure the impact of a grasp. An example of the
typical time taken to process a movie is that it takes 195 seconds to segment and
analyse a movie consisting of 28 seconds of animation or 345 frames of data. The
majority of the time, 136 seconds (∼69%), is spent converting the colour space
from RGB to LAB. The fact that this method is not real time is not important as
the emphasis of this procedure is increasing accuracy and not speed. The noise
and accuracy of the procedure will now be discussed.
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Figure 3.20: Angular noise for stationary object
Statistic Angular values (rad) X axis values (mm) Y axis values (mm)
Mean -1.6921 -85.31 -0.9254
Std. 0.0027 0.0516 0.0441
Max. -1.6854 -85.2001 -0.8091
Min. -1.6994 -85.4269 -1.0297
Table 3.3: Noise statistics
3.5.2.1 Noise
A stationary object was analysed over a period of time in order to evaluate the
level of noise that can be expected. Ideally no drift in the calculated position
and rotation of the object should occur and the standard deviation of the posi-
tion/angles for the object should also be low. Figures 3.20 to 3.22 plot the various
values over time whilst table 3.3 summarises the results.
The figures show that little to no drift is found, which is as expected as no
integration of values occurs in the segmentation process. The standard deviation
of the position signals along both axes are also very small, the difference between
the minimum and maximum values is only 0.25mm. A similarly small result is
found for the orientation of the object, 0.014 radians or 0.802 degrees. In terms
of pixels this corresponds to a min-max position difference of only 0.31 of a pixel.
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Figure 3.21: Noise in x axis for stationary object
Figure 3.22: Noise in y axis for stationary object
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This level of variation is acceptably low for the purposes of grasping where the
expected deviation due to contact will be in the order of a couple of millimetres
and higher.
3.5.2.2 Accuracy
Fig. 3.23 shows the results of four runs in an experiment where the object has
been placed at 20mm increments in the x axis (the y-axis distance is kept at
0mm) and recorded whilst stationary. The results after analysing the resulting
movie files should return identical values, i.e. the x-axis results should increase
by 20mm between each run whilst the y-axis results remain at 0mm. It is difficult
to judge by eye the exact position of the object in relation to the base marker
so some variation is to be expected in the results. Fig. 3.23 does indeed show
that the object moves in 20mm increments in the x-axis whilst the y-axis results
are close to the 0mm mark. Run 1 has a larger variation in position than the
other runs due to the presence of the tip of an operator’s finger moving cables
out of the environment. The pinkish coloured skin interferes slightly with the
detection of the red pixels and causes small fluctuations in the perceived position
of the object. This further demonstrates the importance of carefully crafting
the environment for this algorithm to work at its best. From this point on only
relevant objects were allowed into the grasping environment.
To test the accuracy of the orientation extraction, two different shapes were
recorded stationary for a period of time at an initial rotation, they were then
rotated and further recorded stationary at this secondary orientation. The first
shape, a triangular cylinder, was rotated by pi radians and the second shape, a
cuboid, was rotated by pi/4 radians, see Fig. 4.20b and 4.20a for the two shapes.
Fig. 3.24 shows the results of these experiments. Run 1 and 2 demonstrate
the first situation and the difference in rotation is 3.1350 radians or 99% of pi.
Run 3 and 4 demonstrate the second shape’s orientations (run 3’s orientation is
very close to run 2’s). The difference in orientation is 0.7283 radians or 93% of
pi/4. Pixel mislabeling during analysis or, more likely, human error in positioning
the object may account for the small errors but the results do show that the
orientation and indeed position of the object can be found using this method.
Figures 3.23 and 3.24 further demonstrate the lack of drift in the calculations.
Over a period of four seconds it is clear to see, ignoring noise, that the positions
and orientations remain static and do not drift.
This section has demonstrated that this method can accurately place the
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Figure 3.23: Relative position results for the a) x-axis and b) y-axis
Figure 3.24: Relative rotation check
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object in the environment relative to the base joint of the manipulator. There
are several improvements that could have been implemented to further improve
the accuracy of the system, but they have fairly large drawbacks. The first
improvement would be to increase the resolution of the movie. The current
resolution is 320x240 and this could be increased to 640x480 with the current
webcam setup. This increase in resolution would increase the accuracy as more
pixels would contribute towards determining the object’s position and orientation,
this thereby reduces the effect of any errors such as a mislabeled pixel. The
drawback is that the processing time would also increase by the same amount
and the file size would also quadruple in size. The second improvement would be
to use a different compression scheme. A lossy compression codec (Indeo 5) had
to be used to encode the movie as a non-lossy codec was not available and an
uncompressed movie would have required too great an amount of storage space.
The compression quality for the codec used is not great and this causes artifacts to
appear in the stored data and these will affect the accuracy of the results. Using
a more sophisticated codec may eliminate both problems without any significant
drawbacks.
3.6 Summary
Both the experimental hardware and simulated manipulators have been described
in this section. The design criteria used has been explained and the resulting con-
figurations have been characterised to show their performance. The experimental
equipment has been designed to be the simplest configuration possible whilst
still being able to grasp objects, this is to concentrate on the grasping elements
rather than control problems. The simulated manipulator has a much greater
complexity in regards to grasping as the control is easy to perform in a noiseless
and frictionless environment. The experimental equipment can be used to verify
that the approach is viable whilst the simulated manipulator can show the full
capabilities of any developed approaches. Lastly, an object tracking algorithm
has been described that can be used to accurately keep track of the object’s po-
sition and orientation relative to the base joint of the robot. This will be used to
evaluate the performance of any developed methods.
Chapter 4
Encircling and Identifying Objects
The first task when grasping is to identify the object that is to be grasped, this
section describes novel methods for accomplishing this task. Identifying an object
can be performed via visual analysis (see section 2.5), however, this will violate
one of the objectives of this work: to enable robots to grasp without complex
sensors or actuators. The visual analysis of the object requires additional tech-
nology to acquire and analyse pictures of the object. If visual information cannot
be utilised then an alternative is required, ideally one that is commonly available.
All robots must be able to sense the configuration of their joints otherwise control
over those joints would be impossible. It is proposed that this joint configura-
tion information can be used to provide tactile information regarding contacts
between the object and the robot. Methods for attaining the contact information
and analysing the data to build a model of the object’s shape will be described
in this chapter.
The first half of the chapter discusses a novel method of obtaining the required
information and demonstrates its implementation on the hardware testbed de-
scribed in section 3.1. The second half of the chapter discusses and demonstrates
a method of modelling objects via the acquired tactile information. The perfor-
mance of the methods are analysed by using data acquired from the experimental
equipment and simulations.
4.1 Encircling an object
The location and shape of the object is unknown prior to attempting to grasp
the object. Methods for discovering the object’s shape and location must be able
to obtain contact data reactively by intentionally and systematically contacting
the object. The control algorithms must react to the contacts such that the
positional disturbance of the object is minimised. The reactive methods will be
used to encircle the object and gain information about the surface of the object.
Busch (2002), whose work is discussed in more depth in section 2.4, describes
three reactive methods that can be employed to grasp an object. One of those
three methods could perhaps be employed to obtain contact information, which
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could then be processed to determine the object’s shape and location. The lasso
and follow the leader methods have already been discounted from consideration
as they both require additional complex sensors. The Zorro method must also
be discounted as the object’s position and shape must be known beforehand. A
new method has therefore been developed, inspired by the motion of an octopus’s
arm, that can reactively and systematically contact the object to gain the required
contact information. The method can be thought of as a combination of the Zorro
and follow the leader methods without their limitations.
In section 2.1 it was found that the octopus has an amazing amount of flexi-
bility, but it only uses relatively simplistic and planar movements. One method
the octopus has for grasping an object begins by bringing the arm into contact
with the object a small distance down from the tip of the arm. Progressively
more links of the arm are then brought into contact with the object until the
object is entirely encircled. The octopus will have used its eyes and other senses
to determine what the object is, that is also how it knows that it wants to grasp
the object. This will not be the case for this work, all that is known is that there
is an object within reaching distance of the object that should be grasped. This
lack of knowledge regarding the object’s shape may not cause problems as the
octopus-like movements may result in a partial envelopment of the object, which
in turn will provide the required contact information. A partial envelopment of
the object will still obtain contact information and can be used to analyse the
object’s shape, in that case multiple attempts at contacting the object may be re-
quired to gain enough information to accurately model the object. The following
reactive algorithm is the proposed method for obtaining the contact information:
1. For each link beginning with the distal most link and moving towards the
base link:
(a) set the desired velocity for each of the other links to zero, i.e. they
should maintain their current angular position
(b) move the current link towards its desired initial angle at the desired
velocity
(c) continue doing this until the joint has reached its initial angle
(d) repeat steps 1.a to 1.c for each of the other links until all of the links
have reached their initial angles and the arm is in its initialised con-
figuration
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2. For each link beginning with the base link and moving outwards:
(a) set the desired velocity for each of the other links to zero, i.e. they
should maintain their current angular position
(b) set the current link to move at the desired velocity such that it causes
the arm to sweep across the workspace
(c) continue the motion until contact is detected or the joint has reached
its motion limit and cannot rotate any more
(d) repeat steps 2.a to 2.c for each of the other links until all the links
have wrapped around the object
3. Note the end arm configuration, i.e. the joint angles, for object identifica-
tion purposes.
The method described has been dubbed an Octograsp in homage to its inspi-
ration. The algorithm is split into two sections, the first initialises the links, the
second performs the encircling motion. In the proposed algorithm only one link
is moved at any one point in time, it may be asked whether it is instead more
efficient to simply move all the joints simultaneously. There are two reasons for
why this is not the case. Firstly, depending on the structure of the arm and
the object, simply moving all of the joints at the same time in the initialisation
procedure may cause the arm to knock into the object. This can be avoided by
repeating the motion of the second phase in reverse, assuming that the arm can
only perform encircling motions. Secondly, by moving only one link at a time in
the second section it is hoped that the process will be more efficient in terms of
the amount of contacts being made. Fig. 4.1 demonstrates this point further, in
Fig. 4.1A all of the links have been moved simultaneously and a gap has formed
between the object and arm. In Fig. 4.1B only the base joint has been moved
causing the rest of the arm to sweep across the environment. This method results
in a flat contact between the object and arm, which will provide more contact
information.
An anticipated problem of this approach is that the process will not be able
to explore any concave elements in an object. This may not be a problem, from
the literature review it is already known that points on the extremities of an
object provide the strongest contribution to the wrench space. A strong grasp
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Figure 4.1: A) All links have moved at the same time, B) Only the first link has
moved
can be found without exploring those concave elements as they will not be, by
their nature, points on the extreme of the object.
This leaves the problem of how to detect the contacts. Without access to
a force sensitive skin or other sensors the only sensing available is the angular
sensors within each link of the arm. At each point in time the robot will know how
the arm is actually positioned and also the desired position. If the error between
desired and actual position breaches a normal operating error threshold, then it
can be assumed that a contact has occurred and react accordingly. This type of
process is called a model reference controller (McKerrow, 1998). The limitations
with this approach is that only very general contact information is provided,
neither the precise contact location or the contacted link will be known, however,
it will be demonstrated later that this information is not needed.
4.1.1 Enabling the experimental equipment to Octograsp
The pseudo-code algorithm was implemented in Labview (Instruments, 2007) on
a desktop PC that controlled the experimental equipment, described in section
3.1, via a PCI 730e ADC/DAC card (Eagle Technology, 2010), the program has
a sampling time of 2ms. Labview is a graphical programming language that
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Figure 4.2: Octograsp ‘impedance’ PD controller implemented in Simulink
allows for easy interfacing between hardware and software and allows for rapid
development due to the large number of inbuilt libraries.
A method similar to impedance control but is in fact just a PD controller
operating in the torque space is used to control the arm. The aim is to have a
controller that has a predictable contact behaviour. The controller, shown in Fig.
4.2, is used to control the torque output of the motor and requires torque sensors
on each joint. The proportional (P) and derivative (D) gains of the PD controller
act as stiffness and damping factors respectively just like impedance control. The
difference being that this controller operates in the joint frame of reference rather
than the Cartesian frame that impedance control normally operates in. This PD
controller will therefore be referred to as a joint-based impedance controller.
The need for a torque sensor may appear to violate one of the aims of this
work: to not require additional complex sensors/actuators, but this is not the
case. Firstly, torque sensors are now common off-the-shelf components (Trans-
ducer Techniques, 2010). Secondly, the exact same Octograsp procedure can work
without the presence of the torque sensors (Devereux et al., 2009), the addition
of the torque sensor merely allows for the use of improved control algorithms.
As with other control methods, the joint based impedance controller has a
number of advantages and disadvantages over other methods. The method is quite
easy to implement and tune, as shown in section 3.3.1, but like a PID controller
there are limits on the range of values that the stiffness and damping gains can
take before the control becomes unstable. The method does not compensate for
the coupling between joints and each joint will therefore not behave equally, e.g.
the joints nearer the base require more torque for the same amount of movement
as more distal joints as they have more mass to move. Inverse dynamics could
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be employed to linearise the torques and compensate for this, but this is not
worth doing in this case as the coupling effects will be relatively small due to the
small number of joints being controlled. To highlight the modular nature of the
work, the control system, contact detection and Octograsp algorithms described
in this section can be individually replaced without affecting the operation of the
others. The only requirement is that the replaced module should provide identical
information as those described here.
Both of the gains in the joint based impedance controller have rather unusual
units as the controller is operating in the joint domain rather than the Cartesian
domain. The stiffness gain (proportional gain, P, in Fig. 4.2) was set to be
quite stiff at 3 Nm/rad, whilst the damping gain (derivative gain, D, in Fig. 4.2)
was set to 0.125 Nms/rad and tries to eliminate oscillations that could cause
instability. Having a stiff controller may seem like the wrong direction to take
when contacts will occur as it is less compliant, but it allows for a quicker detection
of contacts as a stiffer controller will have a smaller normal position error during
free space movement. The detection of contacts can then quickly compensate for
the detected contact by stopping all further motion into that contact.
A speed of 0.314 radians per second (18 degrees per second) was chosen as the
desired speed to move each link by in each stage of the Octograsp algorithm, this
is only 7.8% of the maximum speed. High speeds are not desirable for this task as
higher speeds will impart higher energy to the object at the time of contact. High
energy collisions will result in larger disturbances, and possibly even damage, to
the object. The speed can be modified at the users discretion and will depend
largely on the kind of robotic hardware being used and the task requirements.
Finally, the error threshold was set at three separate levels depending on
whether the joint was being commanded to move, yet to move or has already
moved. A moving joint will need a higher position error threshold then those
holding still but yet to move. This is because those yet to move need only
resist the small dynamic coupling effects of the moving arm. Those joints that
have already moved and stopped because of a detected contact need a higher
threshold for contact detection. This is because those joints will have a residual
error caused by the contact that needs to be ignored, otherwise those errors
would cause additional erroneous contact detections. The error threshold levels
used during this work were found through experimentation; the hardware arm
was commanded to sweep an empty environment and the position error over time
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was recorded. The error threshold for movement was selected to be one and a half
times the largest position error found during that motion to ensure that normal
movements will not be incorrectly detected as contacts.
4.1.2 Controller performance
The performance of the joint based impedance controller alone will now be anal-
ysed and discussed. The performance of the entire encirclement algorithm is
judged in section 4.2.2 according to the accuracy of the resulting object identi-
fication. Several criteria are used to judge whether the control is performing as
desired. Firstly, the joints should accurately follow the desired trajectory, move
at the desired velocity and robustly detect contacts. Secondly, the disturbance
to the object should be minimal and, lastly, the actual stiffness and damping
behaviour of the robot should match the desired values. In order to obtain the
required information, the joint based impedance controller was commanded to
encircle around a cuboid object (Fig. 4.20a) using the Octograsp algorithm. The
factors affecting performance, such as the angular position and velocity, joint
torque and object disturbance, were recorded during this process.
The desired and actual angular positions of the arm for each of the four joints
over time is shown in Fig. 4.3a, whilst Fig. 4.3b shows the angular error for each
of the four joints over time. The maximum angular error, ignoring the spikes due
to contacts, resides between 0.03 and 0.05 radians (1.7 to 2.9 degrees). It is quite
easy to spot the four contact transitions, one for each of the links, as there are
four spikes in contact error that reach 0.08 radians before the contact detection
algorithms engage. The contact times are found to be at roughly 5.5, 9, 13 and
17 seconds. The position tracking performance of the controller is reasonably
small considering the weight of the arm (4kg) and the motor non-linearities (see
section 3.2.1). The error during contact is sufficiently distinguishable from the
normal error that occurs during movement and this allows for easy detection of
contacts.
The velocity performance of the controller, shown in Fig. 4.4, is reasonable
as the desired velocity is achieved albeit not smoothly: there are several large
spikes in the velocity error at the contact transitions and the signal is quite noisy.
The spikes in velocity due to contacts can be ignored as they are unavoidable
and part of the process. The noisy nature of the signal cannot be ignored and
is caused by the small sampling time, this magnifies the effects of any noise in
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the position signal when differentiated to find the velocity. A filter has been
used in the controller to remove much of the noise in the position data before
differentiating, otherwise the noise would have dominated the signal.
Labview’s in-built Butterworth low-pass filter was used to filter out signals
with a frequency higher than 10Hz. A value of 10Hz satisfies the Nyquist criterion
that states that the cut-off frequency must be greater than 0 and less than half
of the sampling frequency. The specific value of 10Hz was chosen by looking at
the single-sided amplitude spectrum of a typical position signal, Fig. 4.5, and
finding that the majority of the signal is slow moving, around 0 to 2.5 Hz. The
higher value of 10Hz was chosen as there is less possibility of filtering out relevant
information rather than just the noise.
The progression of the Octograsp algorithm over time is shown in Fig. 4.6.
States 0 to 3 are the initialisation of the links 4 down to 1 respectively. States 4
to 7 are then the movements of the links 1 to 4 respectively for the second section
of the Octograsp algorithm. As expected, you can see that the state changes at
the times where the angular error threshold is breached.
The rotational disturbance of the object over time is shown in Fig. 4.7. It
can be seen that the object is rotated by a maximum of only 0.03 radians (1.7
degrees) from its initial orientation. Figures 4.8 and 4.9 show that only a small
positional disturbance of 2mm is imparted to the object, this is just 1/40 (2.5%)
of the length of the object. As will be demonstrated later in this chapter, a
small number of experiments do not result in such a delicate touch. This is to
be expected when the fact that the robot weighs roughly 4Kgs and the object a
mere 200g is considered, in fact, the tiny amount of disturbance obtained in the
majority of cases is all the more impressive because of this.
The torque acting at each joint over time is shown in Fig. 4.10, the signal
is exceedingly oscillatory and only generally follows the desired torque. Factors
that could be causing this behaviour are the simple nature of the model used
for controlling the torque, high frictional effects and the fact that the arm is not
operating in a blocked force situation.
As the torque signal is exceedingly oscillatory further analysis is required in
order to assess the performance of the torque loop. Comparing the desired stiff-
ness and damping coefficients against the actual values observed would provide
the clearest evidence of the controllers performance, the closer the values match
the better the performance. The actual stiffness and damping coefficients can be
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Figure 4.5: The single-sided amplitude spectrum of joint 0’s position signal. The
largest proportion of the signal is the slow moving motion of the arm.
Figure 4.6: State of the Octograsp algorithm over time. States 0 to 3 are the
initialising movements for joints 4 to 1 respectively. States 4 to 7 are the encircling
movements for joints 1 to 4 respectively.
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Figure 4.7: Orientation of the object over time
Figure 4.8: X position of the object over time
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Figure 4.9: Y position of the object over time
calculated from the observed motion of the arm using linear least squares analysis.
What now follows is a description of this additional analysis.
The desired torque output of the robot at a point in time is defined as:
τ = K(θd − θa) +D(θ˙d − θ˙a), (4.1)
where K and D are the stiffness and damping coefficients, θ denotes joint angles
and the subscript d and a represent desired and actual values. As already men-
tioned, this equation is very similar to the impedance equation 2.32 but in joint
space rather than Cartesian space.
During the course of the experiment both the desired and actual angular
position and velocity is recorded along with the actual torque output (τa) of the
motors. Estimates of the stiffness (Kˆ) and damping (Dˆ) coefficients can then be
calculated using linear least squares analysis:[
Kˆ
Dˆ
]
= (XTX)−1XT−τ , (4.2)
where
X =
[
(θd − θa) (θ˙d − θ˙a)
]
. (4.3)
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Joint K (Nm/rad) D (Nms/rad)
1 2.7179 0.1741
2 3.1783 0.1387
3 2.3983 0.0638
4 1.9302 -0.0011
Table 4.1: The actual stiffness and damping gains calculated using linear least
squares analysis
Note the negative in front of the actual torque in eq. 4.2, this is necessary as
the torque is measured as a reaction force and the motors will have applied the
torque in the opposite direction.
The results of this process applied to each joint separately is shown in table
4.1. The desired controller coefficients for stiffness and damping are, respectively,
3 Nm/rad and 0.125 Nms/rad. The gains match quite well for the first two joints,
reasonably well for the third and pretty poorly for the last joint. This is probably
due to the amount of weight each joint has to move; the inner-most joints have
to move the most weight and will therefore operate in a manner that is closer to
the blocked force case. The additional weight that the module has to move gives
more for the motor to work against. Remember, the controller was designed in
the blocked force case in the hope that the feedback would compensate in the
unblocked case.
Overall the performance of the system is not bad considering the large non-
linearities identified in the previous chapter. The position and velocity error are
reasonable small and allow for the detection of contacts whilst the inner torque
loop appears to be working reasonably well for most of the joints. The poor
performance of the outermost joints is due to the fact that the joint has little
to work against and will therefore quickly reach its maximum velocity thereby
limiting the torque output. The fact that the angular performance of those joints
is good means that this will not affect the unblocked motion of the arm. Also, as
soon as contact is made the arm will operate in the blocked force case and the
controller will then perform as shown in section 3.3.1.
4.1.3 Multiple attempts at grasping
The initial experiments using the Octograsp algorithm showed that the object
to be grasped can be encircled with a snake-like arm but that with only one
attempt there will only be very limited information regarding the contacts, this
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is especially the case when using the highly simplified experimental robot. To
compensate for this, and to gain more information, multiple attempts at grasping
should be made. There are two proposed ways of doing this: trying multiple
positions or prematurely stopping the angle of the base link.
The multiple positions method is self explanatory, by physically moving the
arm to another position relative to the object the contact positions between the
arm and object will be changed thereby increasing the level of information. There
may, however, be trouble due to integrating the results from the different ob-
ject/robot relative positions.
The second proposed method, that of prematurely stopping the base links
motion, involves multiple attempts at contacting the object and requires that the
base link is stopped short of its position from a previous attempt rather than
at the contact point, the rest of the process is left exactly the same as before.
Stopping the base link prematurely in subsequent attempts forces the remaining
links of the arm to encircle differently in each attempt, this method will therefore
also increase the level of information provided. This method will be referred to
from now on as the multiple orientations method.
Before these approaches can be tested for their benefits, a method for iden-
tifying the object’s shape needs to be developed as the impact of both of these
approaches cannot be assessed without it.
4.2 Object identification
The link positions are recorded at the end of each encircling attempt, an example
is illustrated in Fig. 4.11. In this running example the Octograsp process has
been simulated by the application of thirty contacts to a square object, the robot
performing this has one link of length one (arbitrary distance units). It can be
seen from Fig. 4.11 that the absence of links passing though the central part of
the figure suggests that the shape is square, which was indeed the case.
A method will now be described that can model the shape of an object by
inferring it from this absence of links. The running example is 2D but the actual
process can operate on data of any number of dimensions.
4.2.1 Inverse convex hull
A method is required that can find the object’s shape from the absence of links,
this method needs to select the innermost links and form a continuous shape from
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Figure 4.11: A one linked robot has contacted a square object thirty times in
different positions
them. That process is the exact opposite of the convex hull procedure in which
the outermost points of a set are selected to form a polygon that contains all the
other points. Solving this problem requires that a set of points are selected that
forms a shape in which no other point is inside, the inverse convex hull algorithm
(Snyder et al., 2004) can be used to do this.
As an overview, the inverse convex hull algorithm works by firstly inverting
the distance of discrete points from an origin, the convex hull of that set is then
found and the corresponding points from the original set are the inverse convex
hull set. As the inverse convex hull processes discrete points, the first step in
the inverse convex hull process is to discretise the link positions. This involves
converting the continuous lines that a 2D link or the planar surface that a 3D
link can be represented as into a set of individual points. The number of points
that each link is converted into, i.e. the level of discretisation, is a user controlled
parameter. Fig. 4.12 shows the discretisation of the links from Fig. 4.11, using
10 points per line.
Each of the i points (Pi) is represented as an n-dimensional vector that spec-
ifies its position relative to an origin; the origin needs to be located within the
object. In the 3D case, Pi would be represented as:
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Figure 4.12: The link positions from Fig. 4.11 have been discretised
Pi =
 xy
z
 (4.4)
The distance of each of the points from the origin (ri) is:
ri =
√
Pi.Pi (4.5)
To invert that distance, such that the distant points are now the closest and
vice versa, the distance is raised to a negative power (−Aexp), which is another
user controlled parameter. The inverted scalar distance (di) is calculated as:
di = r
−Aexp
i (4.6)
Finally, the direction of each point needs to be preserved such that only the
distance is inverted, the convex hull can be generated from those inverted data
points, P invi , where:
P invi = di
Pi
|Pi| (4.7)
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Figure 4.13: The discretised points from Fig. 4.12 after their distance from a
centre point has been inverted
This process has been applied to all of the points in Fig. 4.12 with the result
shown in Fig. 4.13. Each of the points are at the same angle as they originally
were but the points that were the closest to the origin are now the furthest and
vice versa.
The last step involves finding the convex hull of the inverted points and match-
ing them to the corresponding points within the original set, these points will ap-
proximate the shape of the object. This process is demonstrated for the running
example in Fig. 4.14, the blue points are the original discretised points and the
black polygon is the inferred shape of the object. It can be seen that the inferred
object, which is supposed to be a square, is not 100% accurate, this is due to
the lack of contacts at certain points along the length of the square. The aim
of the algorithm providing the contact information should therefore be to gain
as much surface contact over the object as possible. Even with full contact the
algorithm has two problems. Firstly, even with perfect information, an amount of
rounding at corners will occur, the precise amount depends on the value of Aexp.
Secondly, modelling of concave objects will be troublesome as the inverse convex
hull algorithm tends to smooth over them. Further discussion of these problems
and their consequences will occur later in this section.
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Figure 4.14: The points making up the object’s shape are found by finding the
corresponding points making up the convex hull of the points in Fig. 4.13
The last problem that needs to be solved is how to determine the origin point
that each point is relative to. The origin point needs to be located within the
object, ideally as close to the centre as possible, in order for the inverse convex
hull algorithm to work. The mean of the contact locations has been employed
in this work as the origin, the mean will return a position within the object as
long as the arm contacts the object evenly across the object’s entire surface. An
investigation of the impact this selection has on the accuracy of the model has
not been carried out in this work and is left as future work.
4.2.2 Investigation of inverse convex hull parameters
The two user controlled parameters of the inverse convex hull algorithm, level of
discretisation and Aexp, will each have an effect on the quality of the resulting
object shape generated. Two experiments were performed to investigate the
effects of each and to determine their optimal values. The shapes analysed and
the evaluation method will be described first.
The following Matlab code was used for the generation of the three different
test shapes, a triangle, square and pentagon, used throughout the experiments
described in this section. The various x and y variables denote the x and y
positions of successive points around the boundary of the various shapes that
define that object’s shape.
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t_triangle = 0 : 2*pi/3 : 2*pi;
x_triangle = cos(t_triangle);
y_triangle = sin(t_triangle);
t_square = 0 : 2*pi/3 : 2*pi;
x_square = cos(t_square);
y_square = sin(t_square);
t_pentagon = 0 : 2*pi/3 : 2*pi;
x_pentagon = cos(t_pentagon);
y_pentagon = sin(t_pentagon);
The following equation is used to measure how accurately the method is per-
forming, it returns a percentage error (Err) with zero being the best and lowest
possible outcome.
Err =
100 ∗ Aerr
Aorig
(4.8)
where Aorig is the area of the actual shape and Aerr is defined as:
Aerr = Agen + Aorig − 2Aint (4.9)
Agen is the area of the generated shape and Aint is the area of intersection between
the actual shape and the generated shape.
The area of intersection between two shapes is difficult to calculate for the
case where the two shapes can be any size and shape. Therefore, an algorithm
(Koprowski, 2007) was used that breaks the objects into very small discrete el-
ements that are analysed for whether the shapes overlap, intersect or do not
overlap in that element. The sum total of the area of those that overlap and
intersect approximates the area of overlap. Decreasing the size of the discrete
elements increases the accuracy of the resulting intersection calculation.
4.2.2.1 Investigating the level of discretisation parameter
To investigate the effect the level of discretisation has on the returned model, the
set of three shapes are analysed with the inverse convex hull algorithm several
times with varying levels of discretisation. The shapes themselves are used as
the input rather than simulating a robot contacting the objects, this is to remove
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Figure 4.15: The effect of discretisation level on area error, Aexp is fixed at 0.05
errors due to imperfect input data. Aexp was held at a constant value of 0.05 for
the duration of this experiment.
In Fig. 4.15 the resulting percentage area error for the three shapes are shown
when the level of discretisation varies between 10 and 1000 points per segment of
the shape. The area error is very low for all shapes and discretisation levels, this
is to be expected as perfect information is being fed to the inverse convex hull
algorithm. It can be seen in Fig. 4.15 that the error is quite variable in the 10
to 200 number of points region but settles down to a consistent low value above
that region. The experiment was repeated with values from 3 to 100 to further
investigate the variable behaviour, the results are shown in Fig. 4.16. The results
from both runs show that there is little difference in error due to the level of
discretisation, the only affect of increasing the level of discretisation is to increase
the consistency of the results. A value of more than 100 and less than 300 points
per segment is recommended, lower values are not consistent good whilst higher
values only increase the amount of data that needs to be processed.
It would be make intuitive sense that increasing the level of discretisation
would increase the amount of computation time required to calculate an object’s
shape. Fig. 4.17 shows that this is indeed the case, there appears to be a fairly
linear correlation between the level of discretisation and the time taken. This is
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Figure 4.16: The effect of discretisation level on area error, zoomed in on inter-
esting behaviour
further confirmed by the fact that the objects with lower numbers of sides are also
lower in terms of the amount of time taken to compute a model. The fluctuations
seen in Fig. 4.17 could be due to the fact that the time taken to compute is at
the lower end of what can be recorded by a normal computer, minor fluctuations
caused by other running services and programs will cause noticeable effects.
4.2.2.2 Investigating the Aexp parameter
Next the effects of Aexp are investigated. To do this the same three objects as
before were passed through the inverse convex hull method with varying levels of
Aexp, the level of discretisation was held constant at a value of 100. The errors
for the various shapes when the values of Aexp is varied between 0.05 to 1 is
shown in Fig. 4.18. The graph’s trend shows an increase in error as Aexp is
increased. There is again a section of interest behaviour to the lower end of the
Aexp scale, a second experiment was performed over the region 0.01 to 0.16 to
further investigate this behaviour. The results, shown in Fig. 4.19, show that
each shape does indeed have a valley where a minimal error is found, although
this does differ in position between shapes. In general, the optimal value of Aexp
is found to be between 0.04 and 0.1.
The results from this section recommend that the level of discretisation should
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Figure 4.17: The effect of discretisation level on time taken to calculate shape
Figure 4.18: The effect of Aexp on area error
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Figure 4.19: The effect of Aexp on area error, zoomed in on interesting behaviour
be at least 100 and that Aexp should be set to be between 0.04 and 0.1. The
discretisation level was set at 100 and Aexp was set to 0.05 in the remaining
experiments using the inverse convex hull algorithm.
4.2.3 Combining the Octograsp and inverse convex hull
algorithms
The experimental hardware is now commanded to grasp a variety of objects using
the Octograsp algorithm, the resulting contact information is then processed using
the inverse convex hull algorithm to model the object. This information can then
be compared with the known position and orientation of the objects to obtain
a measure of the performance of both the inverse convex hull and Octograsp
algorithms. An experiment to determine the optimal parameters affecting the
performance of the Octograsp algorithm will also be described. The parameters
to be examined are those that control the repeated attempts at contacting the
object: the number of attempts, how far to move back in each case (back amount),
and where to position the arm in relation to the object.
The five objects being grasped are shown in Fig. 4.20. They have been
chosen as they contain a range of shapes from simple to complex and convex
to concave. This will allow for additional experiments to examine the effects of
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Figure 4.20: The five objects, a) square, b) triangle, c) T, d) S and e) Y
object complexity on the performance of both algorithms.
When examining the effects of object complexity on the performance of the
algorithms, there is, unfortunately, no one measure that indicates the complexity
of any shape, several measures have therefore been employed that attempt to
give an indication of an object’s complexity. These measures will be examined in
section 4.2.4 for their ability to determine an object’s complexity. These measures
are applied to 2D objects here but extensions to 3D will be discussed, 2D objects
are being examined, even though the environment is 3D, due to the planar nature
of the experimental equipment.
The first suggested measure of complexity is the number of lines making up
the 2D object, this will change to be the number of facets in a 3D object. The
idea behind this measure is that objects with a large number of facets/lines will
have more variability in its shape than one with only a few facets/lines. This
assumes that the minimum number of facets and lines are used to represent the
object.
The second measure looks at how convex or concave an object is. It is theorised
here that the more concave elements an object has, the more more complex it will
be to grasp. This is because the concave elements will be more difficult to plan a
route for a snake-like manipulator, the concave elements will also cause difficulty
for the inverse convex hull algorithm. The measure itself is found by comparing
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Num. Name NL SAC CNC (%) AR
1 Square 4 1 0 1
2 Triangle 3 1 0 1
3 T 8 2 25 0.2711
4 S 8 2 25 0.3738
5 Y 9 1.5 33.3˙ 0.2458
Table 4.2: The shape characteristics for physical objects
the angles between connecting lines in 2D and facets in 3D. If the outside angle is
less than pi radians then it is a concave angle, otherwise it is convex. The measure
is a percentage comparison of the number of each type of angles:
CNC =
Concave
Convex
∗ 100, (4.10)
where Concave is the number of concave angles, Convex is the number of convex
angles and CNC is the second measure. An increasing size of the CNC measure
may indicate increasing complexity as objects that include concave elements may
require more thought in where to place contacts
The third measure is similar to the second. The measure sums the outside
angle change (SAC) between lines (2D) or facets (3D) irrespective of whether it
is concave or convex. That sum is then divided by 2pi as the minimum angle
change for any object is 2pi. High values may indicate that the object is ‘bumpy’
and complex whilst low values indicate a more regular object.
The last measure is that of area ratio (AR): the ratio between the actual
area of the object and that of the convex hull of the shape. As object’s become
more intricate or convoluted they require more concave elements, these concave
elements will reduce the ratio and perhaps give a good indication of complexity.
Table 4.2 details the shape’s characteristics for the four measures. The fol-
lowing abbreviations are used for each of the four measures:
• NL - Number of lines
• SAC - Sum of angle change (multiples of 2*pi)
• CNC - Concaveness
• AR - Area ratio
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4.2.4 Evaluating the proposed object complexity measures
In this section the four measures will be examined to determine whether any
of them are good measures of complexity. Unfortunately, due to manufacturing
restrictions only five objects are available for analytical purposes, this is not
enough to get a perfect picture but it should be enough to indicate any correlation
between the measures and object identification complexity. Each of the five real
life objects are grasped four times using the experimental equipment with the
Octograsp algorithm from the same position each time. Each attempt is stopped
prematurely when compared to the previous attempt by 0.1 radians each time.
The contact information this provides is processed using the inverse convex hull
algorithm and compared with the known position of the object. The model
accuracy error for each shape can then be compared against the quality measure of
interest to find a loose complexity correlation, this assumes that complex objects
will cause larger modelling errors.
The comparison of the accuracy error and the first measure, number of lines
comprising the object (NL), is shown in Fig. 4.21. As the number of lines rep-
resenting the object increases, the accuracy error also tends to increase. This
suggests that there is a positive correlation between number of lines and com-
plexity but the variability of the positions suggest that another effect is at work.
It does appear though that this measure does provide a simplistic measure of
complexity.
The comparison of the second measure, the sum of angle change (SAC),
against accuracy error is shown in Fig. 4.22. It again shows a possible posi-
tive correlation but the points are distributed quite variably and the results are
therefore inconclusive. This measure is not a useful indicator of complexity.
The comparison of the third measure, the concaveness (CNC), against the
accuracy error is shown in Fig. 4.23. A similar result to that of the number of
lines measure is obtained. This suggests that this measure might also provide
another simplistic view on complexity, the more the object is concave, the more
difficult it is to model.
The behaviour of the last measure, area ratio (AR), is shown in Fig. 4.24. This
time a negative correlation appears to result, this links back to the concaveness
measure: the more concave an object is, the greater the quantity of space inside
the object and the lower the area ratio. These measures indicate that the concave
elements are the cause of much complexity when grasping an object.
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Figure 4.21: Comparing the number of lines measure against object representa-
tion accuracy
Figure 4.22: Comparing the sum of angle change measure against object repre-
sentation accuracy
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Figure 4.23: Comparing the concaveness measure against object representation
accuracy
Figure 4.24: Comparing the area ratio measure against object representation
accuracy
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The results so far are not conclusive due to the lack of data points. It appears
that there is a positive correlation between complexity and both the concaveness
and number of lines measures, there is also a possible negative correlation between
complexity and the area ratio measure.
The problem with the experiment so far is that concave objects will always
result in poor performance, this is due to the fact that the inverse convex hull
algorithm will ignore all but the smallest concave elements. The nature of the
Octograsp algorithm will also cause the arm to pass over those elements as it
physically cannot reach inside to explore those areas. This may not be as big a
problem as it appears due to the requirements of the grasping process. Ideally
a grasp should select points that will provide strong resistance to external forces
acting on the object. These points are located on the extremes of the object and
these will therefore not be within the concave elements of the object. Exploring
these concave elements is therefore unnecessary for finding strong grasps, expect-
ing that the inverse convex hull algorithm should exactly duplicate the objects
shape is also unnecessarily harsh. An experiment to compare the results against
the convex hull of the object’s shape as well as the actual shape will described.
The aim of this experiment is to show that once the unreasonable expectations
are removed the inverse convex hull algorithm does actually provide accurate rep-
resentations of objects. As it is unreasonable to expect the inverse convex hull
algorithm to be able to explore the concave elements, a further experiment will
now be described that will compare the accuracy error of the generated shapes
to both the actual shapes and the convex hull of those shapes. The convex hull
of the shape provides a representation of the object where the concave elements
have been removed. The process of attaining the contact information is the same
as the previous experiments.
It should be noted that when the generated shape is passed to the planning
stage of the grasping process, the planning algorithm may attempt to utilise those
non-existent facets as contact locations. A method of detecting or compensating
for this may be required. However, this may be a self correcting problem consid-
ering that the extremes of the object will be the most desirable contact locations
due to the strength they provide.
The comparison of the accuracy error for the five normal and convex objects
is shown in Fig. 4.25, there is a clear difference in accuracy error between the
normal and convex objects. When the convex hull of the shape is used the error
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Figure 4.25: Comparison of using actual or convex hull of shape for calculating
error
drops dramatically by a factor of between 4 and 7, thereby performing roughly
as well as the naturally convex objects (square and triangle). It can be said
that ignoring the concave elements of the object reduces the complexity of the
problem.
Fig. 4.26 visually overlays the generated object shape in blue over the convex
hull of the actual object’s shape (in black). In each case the central part of
the object has been captured almost entirely but there are elements around the
outside that are incorrectly identified as part of the object. The methods for
attempting to correct this error will now be analysed.
4.2.5 Improving accuracy by encircling from multiple ori-
entations
In section 4.1.3 it was suggested that both the number of attempts at encircling
the object and the amount the arm moves back after each attempt are likely to
have a large (ideally beneficial) effect on the accuracy of the produced shape.
Multiple attempts at encircling the square object were performed in-order to
investigate whether this is true. The number of attempts and the amount the
arm moves back after each attempt are the parameters investigated, all other
factors are held constant. The number of attempts was varied between one and
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Figure 4.26: Generated shapes over-laid onto the shape of the convex hull of
shapes to be grasped
four whilst the amount the first link moved back by could take the values 0.05,
0.1 and 0.2 radians. The object was positioned and orientated the same in each
run with the webcam tracking software used to verify the exact location. The
inverse convex hull algorithm is used to generate a model of the object from the
obtained contact information, this is then compared to the known location and
shape of the object to find the accuracy error.
The effects of modifying the two parameters on the resulting accuracy of the
model is shown in Fig. 4.27. The accuracy has been plotted as a percentage error
of the original shape as per eq. 4.8. The clearest finding from this graph is that
increasing the number of attempts to two is very beneficial. It does appear that
increasing this further actually slightly decreases the accuracy, this is likely due
to the extra disturbance to the object due to the additional contacts. From Fig.
4.27 it is difficult to determine the effects of the back amount parameter, there is
little difference between the different settings. This looks to be a problem caused
by friction, the small movements required by some attempts do not generate
enough torque to overcome static friction, which results in movements of similar
sizes. Further investigation with a robot less dominated by friction is necessary
to fully investigate this parameter.
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Figure 4.27: Investigation of the effects of number of attempts and back amount
on resulting object accuracy
An example of the contact information provided by a typical Octograsp is
shown in 4.28a. The example shows four attempts at grasping the object with
a back amount of 0.1 radians. The four end configurations of the arm (one
sequence of blue lines for each attempt) are shown in relation to the object (in
black). The red path starting from the centre of the square object shows the
direction of movement of the object over time. In this case the major disturbance
to the object is caused where the link of the arm fully coincides with a face of the
square. This can be seen from the fact that later attempts actually pass through
where the square shape should be positioned, the square is no longer there having
been pushed by previous attempts. The resulting model is shown in Fig. 4.28b,
the disturbance of the object causes the right hand side to be underestimated,
the lack of contacts on the other sides causes those sides to be overestimated in
size.
Figures 4.29a to 4.29d show how the shape is progressively built up and im-
proved upon after each successive attempt. There is a large visible difference
between the first (a) and second attempt (b) but very little difference between
any later attempts.
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Figure 4.28: An example result from the run where four attempts have been made
with a back amount of 0.1 radians
Figure 4.29: The shape being more accurately represented as more attempts are
being made
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4.2.6 Improving accuracy by encircling from multiple di-
rections
The problem of identifying empty space as objects results from a contact between
the manipulator and object in that area. By looking at figures 4.26 and 4.28
it can be seen that the lack of contacts is due to either the arm’s inability to
fully envelope the object, or because of an unfortunate positioning of contacts
between object and arm. The second method for attempting multiple attempts
at contacting the object should be able to overcome this problem as it physically
changes the position of the manipulator in relation to the object. In doing this
it is hoped that the manipulator will be able to contact the areas that previously
lacked contact information. Ideally for a completely accurate implementation,
this effect should be tested by keeping the object static and physically moving
the arm around the object. This could be carried out if the arm is mounted
on some external device or has extra links being reserved that allows for this
movement. Due to the equipment setup the method cannot be tested in this
manner as the robot is physically restrained to one position, the method will
instead be tested by simulating moving the robot by moving the object instead.
The consequence of this is that it removes the problem of having to account for
the motion of the object due to contacts. For this experiment it will have to be
assumed that the arm has compensated for the object movement.
Only convex objects will be used to test whether this method provides any
benefit as this will minimise problems caused by concave elements. Multiple
attempts at grasping the square and triangular shaped objects will be attempted,
the shapes will be placed in the same position for each attempt but with differing
rotations. This will simulate the manipulator trying to grasp the object from
different positions.
The first experiment uses the triangular shape in two orientations, pi radians
apart, as shown in Fig. 4.30. Four attempts at encircling were made in each of
the two positions with a back amount of 0.1 radian. The percentage area error
of the model is shown in Fig. 4.31, attempts 1 to 4 are the attempts in the first
location (Fig. 4.30a) whilst attempts 5 to 8 are the attempts made in the second
location (Fig. 4.30b). The percentage area error decreases during both the four
attempts in each position but also upon changing the position. The decrease in
area error between changing positions is much greater then the multiple attempts
made from the same position, the area error has been decreased significantly by
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Figure 4.30: The two orientations attempted for the triangular object (not to
scale)
contacting from multiple directions: the error from four attempts in one position
is 165% whilst the error is eventually improved to 75% by changing positions.
The experiment is repeated in exactly the same manner but with a square
object. Like before, two different positions are checked but because of the sym-
metric nature of the square a further two positions can be simulated by rotating
the results of the first two attempts by 180 degrees. The four positions tested are
shown in Fig. 4.32. Figures 4.32a and 4.32b are the positions tested using the
experimental equipment whilst Fig. 4.32c and 4.32d show the remaining simu-
lated positions. The number of attempts per position was again 4 with a back
amount of 0.1 radians.
The accuracy error after each successive attempt is shown in Fig. 4.33. Be-
tween both the first and second position change and the third and fourth position
change there is a significant increase in error. This increase in error is caused by
the way in which the object is being contacted, the attempts due to Fig. 4.32b
cause a very large disturbance to the object. The difference in object disturbance
between the attempts from the first and second positions can be seen in Fig. 4.34,
the contacts in the second position disturb the object roughly six times greater
than the first position.
The end result is that an accuracy error of 54% is obtained, this is only
marginally worse than the previous result of 53% for the triangular object ob-
tained in section 4.2.5. If attempts were used that lacked the high positional
disturbance then it is possible that a highly accurate representation of the shape
would be obtained, this is indicated by the low area error shown in section c
of Fig. 4.33. There are several different methods for limiting positional distur-
bance: make the manipulator lightweight in comparison with the object, increase
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Figure 4.31: Improvement in representation for the triangular object with two
orientation attempts
Figure 4.32: The four orientations attempted for the square object, side numbers
shown (not to scale)
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Figure 4.33: Improvement in representation for the square object with four ori-
entation attempts
Figure 4.34: Difference in disturbance to the cuboid object during the two differ-
ent position attempts
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Figure 4.35: The second set of four orientations attempted for the square object,
side numbers shown (not to scale)
the object’s friction against the surface it is contacting, add sensors that can more
sensitively detect contact or simply move the manipulator a great deal slower. An
alternative would be to further develop the inverse convex hull algorithm such
that it can take into account the object’s movement.
A second set of experiments were employed to demonstrate the potential per-
formance of this method when the object is not greatly disturbed. The data from
the previous experiment was used and processed as before except that the data
from second and fourth positions were ignored. The analysis instead used the
data from the first position and simulated contacts from three other positions
around the object, each position is rotated by 90 degrees. The different positions
are demonstrated in Fig. 4.35. The model’s progressive area error for each at-
tempt is shown in Fig. 4.36, it can be seen that without the disturbance affecting
the accuracy error there is a massive improvement in error. The final area error
of 26% is less than half of the error obtained using the other method.
The contact information provided by the sixteen attempts at contacting the
object is shown in Fig. 4.37a. The resulting model produced by that contact
information is shown in Fig. 4.37b, the model does not quite look like the desired
square. The accuracy of the model is limited by the low resolution of the robot.
It has been shown that the accuracy of the produced model can be increased
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Figure 4.36: Improvement in representation for the square object with four ori-
entation attempts ignoring high impact attempts
by patiently contacting the object multiple times from different positions and
orientations. With patience, even the simplistic robotic hardware used in the
section could provide quite accurate models as long as the object disturbance
could be kept to a minimum.
4.3 Simulating the Octograsp algorithm
The experimental hardware has a large drawback when trying to determine what
the shape of the object is: the resolution of the returned contact data is far to
limited. Patience is required to allow the Octograsp algorithm enough attempts
to provide enough contact information for useful interpretation. However, the
experimental results have shown that the algorithms can allow even simplistic
robots with extremely limited hardware the ability to calculate a reasonable rep-
resentation of the object. What now follows is a series of simulations with the
simulated robot described in section 3.4, the robot consists of many more and
smaller links, which should provide higher resolution contact information. The
aim is to show how well the Octograsp and inverse convex hull algorithms can
work when the manipulator is more suitably designed.
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Figure 4.37: Top) link positions Bottom) generated shape
4.3.1 Investigating the control of the simulated equipment
None of the methods described in section 2.7 are clear cut choices for grasping as
each has its own different drawbacks. PID control schemes struggle to cope with
large numbers of links, impedance control schemes only control the behaviour
of the end-effector, whilst inverse dynamic methods are not known for having
a reliable contact behaviour. The PID and impedance control schemes can be
ruled out straight away as they are not suitable for whole arm grasping with large
numbers of links, this leaves the evaluation of inverse dynamics for the purpose of
whole arm grasping control. The question being, is the contact behaviour reliable
enough for whole arm grasping?
Plain feed-forward inverse dynamics has no chance of performing well at ei-
ther the positioning or contact tasks, this is because there will always be sources
of errors, both in the real world and simulations, that the control is not able
to compensate for. The integration errors that occur naturally in simulations
will be amplified by the sheer number of joints used in the whole arm grasping
robots. Errors due to unmodelled contacts will also not be corrected and will
further contribute to positioning errors. Therefore, the logical choice for the type
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of inverse dynamics algorithm to use is the feed-forward inverse dynamics with
stabilising linear control (see section 2.7.5), the addition of the stabilising linear
control element will correct for any minor errors during normal free space opera-
tion. The stabilising linear control element will also act much like the impedances
in impedance control but on a per joint basis. The position error feedback gain
(Kp) in the stabilising linear control acts like a stiffness gain, the difference be-
ing that it acts upon the angular position error rather than a Cartesian position
error. Likewise, the velocity error feedback gain (Kv) acts like the damping gain,
but again in the angular sense rather than a Cartesian sense. This is actually a
promising feature as it hints that the control could act gracefully upon contacting
the object in a manner similar to that of impedance control.
There are four simulated scenarios used to answer whether feed-forward in-
verse dynamics with stabilising linear control does indeed have a smooth contact
behaviour. The first three scenarios involve only free space movement whilst the
fourth involves unmodelled contact with an object. The first scenario involves
movement of only the base joint, which is used to sweep the rest of the arm
through the environment. The purpose of this scenario is to provide a base-line
position error behaviour that the other scenarios can be compared against. The
scenario is accomplished by commanding the base joint to follow a 5th order
smooth trajectory through its joint space, the remaining links are commanded to
stay straight, the desired angles over time are shown in Fig. 4.38.
The second situation requires all joints to move, in this case they move through
a 5th order smooth trajectory. Each joint alternates in the direction of movement,
the desired movement is shown in Fig. 4.39. The purpose of this scenario is again
to provide a performance comparison with the more complicated scenarios.
The smooth trajectory used in the first and second scenarios is a 5th order
smooth curve, the desired start and end accelerations and velocities are zero.
The method used to calculate the trajectory is described in section 2.7.3 and the
trajectory is defined as:
θ(t) = 1.9635t3 − 1.4726t4 + 0.2945t5, (4.11)
where θ(t) is the angle of the joint at time t.
The Octograsp algorithm does not always allow the use of smooth movements
and as such a non-smooth trajectory is the third scenario. A non-smooth tra-
jectory can cause trouble for inverse dynamics schemes as instantaneous changes
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Figure 4.38: Desired angles for smooth joint 0 trajectory
Figure 4.39: Desired angles for all joints moving smoothly
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Figure 4.40: Desired angles for non-smooth joint 0 trajectory
can cause large spikes in torque leading to large errors (as explained in section
4.40), this depends upon the accuracy of modelling involved. The non-smooth
trajectory is similar in form to that of the first scenario, the first joint is used to
sweep the remaining links through the environment, the links other than the first
are held straight out. The exact trajectory for each joint of the robot is shown
in Fig. 4.40.
The last situation is the hardest and yet most common in whole arm grasping.
It is the case where the arm unexpectedly comes into contact with an object
whilst following a trajectory. For this scenario the robot is commanded on the
same trajectory as in the third scenario except that there will now be an object
that blocks the robot’s movement. The object is static and no amount of force
will move it, this is to make sure that the object will have a definite and significant
effect on the motion of the arm.
In each of the four scenarios the feedback gain parameters, Kp and Kv, have
been set respectively as 250 and 10 to allow for a fair comparison. No effort to
optimise those values have been attempted, they have just been checked to ensure
that they allow stable movement.
The graphs 4.41 to 4.45 show the angular error over time for the four different
scenarios, table 4.3 summarises the results. For each of the scenarios acting in
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Figure 4.41: Angular error for Inv. Dyn. with smooth joint 0 trajectory
Trajectory
√
SumSquaredError Data Length Avg. error (rad)
Smooth (j0) 8.67200e-06 1001 2.94188e-06
Smooth (all) 0.00069 1001 2.63616e-05
Non-smooth 6.06051e-05 5001 1.55667e-06
Contact 7839.2 5001 0.017704
Table 4.3: Sum squared errors for the various trajectories
free space it is quite easy to see how the inverse dynamics scheme gained its
reputation for accuracy. The average error for all fifteen joints summed together
is at worst 2.636e-5 radians, which is only 0.0013 degrees! The desired trajectory
is therefore almost perfectly followed, even for the non-smooth trajectory. The
stabilising linear control performs its function well and compensates for the errors
caused by non-smooth changes in acceleration. The errors that do exist may be
caused by integration errors or slight internal differences between the parameters
in the simulation and control software.
The performance of inverse dynamics control under contact situations can be
examined by comparing the torques produced during the non-smooth trajectory
(Fig. 4.46), with the torques generated in the contact situation (Fig. 4.47 and
Fig. 4.48). It can be seen that spikes in torque are generated upon jumps in
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Figure 4.42: Angular error for Inv. Dyn. with all joints moving smoothly
Figure 4.43: Angular error for Inv. Dyn. with non-smooth joint 0 trajectory
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Figure 4.44: Angular error for Inv. Dyn. during contact simulation
Figure 4.45: Angular error for Inv. Dyn. during contact simulation, zoomed in
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Figure 4.46: Torques produced by Inv. Dyn. during non-smooth simulation
demanded acceleration. Otherwise, upon contact the stabilising linear control
kicks in and provides a gentle and non-oscillatory torque response to the errors
generated via contact with the object. This smoothness is easy to see in Fig.
4.47 and Fig. 4.48 where there is a low but long constant torque applied into the
object. There are also no sudden ‘jerky’ movements that could cause damage or
throw the object.
The large jumps in torque are the only undesirable effects to be seen and
are easily fixed. They exist only in the scenarios with non-smooth accelerations
and occur at the points where the demanded acceleration changes suddenly. The
cause of the large torque must therefore be the sudden change in the non-smooth
trajectory. If so desired, the torque spike can be reduced by saturating the desired
acceleration generated by the trajectory. This was not used in this work as the
torque spike had little effect on the performance of the arm.
In summary, this section has demonstrated that the inverse dynamics with
stabilising linear control results in highly accurate position control, the error
being in the order of 10−5 radians for movements involving all joints. It has also
been shown that the feed-forward inverse dynamics with stabilising linear control
elements provides a smooth contact behaviour. Therefore, this is the type of
control that will be used to perform the Octograsp with the simulated arm.
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Figure 4.47: Torques produced by Inv. Dyn. during contact simulation
Figure 4.48: Torques produced by Inv. Dyn. during contact simulation, zoomed
in
CHAPTER 4. ENCIRCLING AND IDENTIFYING OBJECTS 159
4.3.2 Simulating the Octograsp algorithm
In section 4.2 the performance of the Octograsp and inverse convex hull algorithm
was examined using the experimental equipment. Further experiments to confirm
the performance of the algorithms will now be carried out using the simulated
equipment.
Changing from the experimental equipment to simulation requires converting
the code from Labview to Simulink. The sample time was chosen to be 0.002 sec-
onds in order to be consistent with the experimental results. The only difference
between the different Octograsp implementations was that the simulated imple-
mentation required a small amount of settling down time (0.08 seconds) after
each contact. No motion is desired during this time and it allows the control to
compensate for the unmodelled contact that causes angular errors in the joints,
those errors, if not reduced, would cause additional erroneous contact detections.
Otherwise, the only difference between the two implementations is that the sim-
ulated robot consists of many more and smaller links with frictionless joints, the
torque output of the motors can also be directly controlled.
The first experiment to be described here repeats the investigation of the num-
ber of attempts and back amount parameters, the second experiment examines
the processing of changing the position of the robot relative to the object. To do
these experiments a 3Kg cuboid was placed within the workspace of the 1.5Kg
robot such that the arm and object would collide (see Fig. 4.49), the friction coef-
ficient between the object and surface was arbitrarily set at 0.5, which is roughly
equivalent to cast iron on oak. The Octograsp algorithm was then repeatedly
used to encircle the cuboid with varying parameters, the effects of varying the
parameters on the accuracy of the model was then examined. In these simulations
the object weighs more than the robot, this, coupled with the greater number of
smaller links, allow these simulations to better show the capabilities of the algo-
rithms. In both experiments the exact object centre was passed to the inverse
convex hull algorithm such that its effects on the performance of the Octograsp
algorithm are not felt.
4.3.3 Further investigation into the parameters of the mul-
tiple orientations method
The experimental equipment was used in section 4.2.5 to investigate the effects
that the two parameters of the multiple orientation method had on the accuracy
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Figure 4.49: The simulation environment, robot in grey trying to grasp brown
cuboid on green ground
of the generated model. It was found that attempting to encircle the object at
least twice from the same position had a positive effect, whilst the amount the
arm moved back after each attempt required further investigation. In this section
the experiment will be repeated but with the simulated manipulator. The aim
is to verify that the results hold for a robot with more and smaller links and to
determine the effect of the back amount parameter.
The experiment is carried out as in section 4.2.5, a cuboid object is placed in
the exact same position for each attempt and a variety of different settings for
the back amount and numbers of attempts parameters are tested. The resulting
contact information was processed using the inverse convex hull algorithm to
determine the object’s shape, this in turn was compared with the known shape,
position and orientation of the object. The accuracy of the resulting model will
determine how well the algorithms performed.
In the experiment, three values for the back amount were chosen: 0.1 radians,
0.05 radians and 0.01 radians. Seven attempts at encircling the object were made
for each of those three values. The accuracy error, calculated using eq. 4.8, is
shown incrementally as each attempt is made for each value of back amount in
Fig. 4.50.
When you compare the results from the simulated manipulator (Fig. 4.50)
and experimental equipment (Fig. 4.27), it is easy to see that the robot with
many smaller links provides a much more accurate result even with only one
attempt. For one attempt, the experimental equipment has an accuracy error of
between 60% to 80%, the simulated manipulator has an accuracy error of only
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Figure 4.50: Exploring the max. attempts and back amount parameters using
simulations
18.65%. Another interesting item to note is that initially the back amount of
0.1 radians is again the poorest performing of the three values investigated, but
it rapidly becomes the best value to use. Perhaps if more attempts were made
in the experimental case this would also have been found but it is unlikely due
to the small length of the arm. It appears from these results and those of the
experimental hardware that the wider the spread of the attempts, the more the
accuracy error decreases. This fact must also be coupled with the knowledge that
the more attempts that are made at contacting the object, the more the object
is disturbed. When taken together it can be concluded that the best approach is
to make the minimum amount of encircling attempts (minimum of two) but over
the widest range of possible orientations. As a last point of interest, the very
slight increase in error in all three results is caused by the rounding effects that
occur at corners with the inverse convex hull algorithm.
The reason why the simulated manipulator is that much better that the hard-
ware setup is shown in Fig. 4.51. Having lots of small links in comparison to
the length of the side of the object allows the arm to contact much more of the
straight sides of the object in parallel, which in turn provides a large amount
of useful contact information that can produce an accurate representation of the
object.
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Figure 4.51: Seven sequential encircling attempts from the same position with a
back amount of 0.1 radians
4.3.4 Further investigating the multiple positions method
The experiment to find the effects of multiple attempts at encircling the object
from multiple positions on the accuracy of the model will now be re-examined.
The purpose of this is to to verify that the findings from the experimental equip-
ment hold for a robot with more and smaller links. To do this, the exact same
experiment as in section 4.2.6 was performed, except that at the end of each set
of attempts the object was rotated by 45 degrees to simulate moving the arm by
45 degrees around the object. Note, object disturbance and other related effects
are being ignored here, the interest of the experiment is just in the quality that
can be returned under more ideal conditions and with a more ideal manipulator.
Three different sets of experiments were run, three rotations of 45 degrees
were performed in each. The difference between the runs is in the number of
orientation attempts and by how much the base link was commanded through at
each position. In the first run the arm was commanded through 7 attempts with
a back amount 0.1 radians making 21 attempts in total. In the second example
the arm is commanded to do two attempts with a back amount of 0.7 radians,
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Figure 4.52: Area error during all of the attempts in all three experiments
this is 6 attempts in total. The last example performs only one attempt in each
of the three positions. The purpose of running these three experiments as they
are is to demonstrate the effectiveness of the multiple position method with, and
without, the aid of multiple attempts from each position.
The results from the first experiment, shown as the red line in Fig. 4.52,
do indeed show that the accuracy error during the 21 attempts decreases. As is
expected, the first seven attempts follow the same pattern as the results shown
in Fig. 4.50, however, there is a very large decrease in representation accuracy
error that occurs upon encircling from the second position, which happens on the
eighth attempt. The error improves from 18.9% to 9% , this large improvement is
much greater than that provided by the multiple attempts in the same position.
The fact that the final error for this experiment is only 3.1% proves that the
Octograsp and inverse convex hull algorithm can generate accurate models of
objects without the need for sophisticated sensors.
A model of almost the same quality is produced by the second experiment,
and the results for two attempts in three positions is shown by the blue line in
Fig. 4.52. It can be seen that the final model’s accuracy of 4% is only slightly
poorer than the first experiment’s but has used less than a third of the number
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of encircling attempts. It can be seen, when comparing the results of the first
experiment with the second, that the second experiment’s behaviour does not vary
as much as the first, this further indicates that having more than two attempts
at encircling in any one position is not optimal.
Lastly, the accuracy error against attempt number for the third experiment
is shown as the green line in Fig. 4.52. This experiment performs worse than
either of the first two experiments, the final error being 7.4%, but the number of
attempts is significantly less than any other experiment and the resulting accuracy
is still one of the best produced.
The conclusion to be brought from these experiments is that physically mov-
ing the robot in relation to the object provides a much larger increase in object
representation accuracy than just trying multiple attempts from the same posi-
tion, however, additional smaller increases in accuracy can be attained by using
that method. There are therefore two recommended methods of using the Oc-
tograsp method for exploring an object’s shape. The best approach for using
this approach is to select as many positions around the object as possible but
only make two attempts in each position, one where direct contact is made and
another with as large a shift in the base joint as possible. This should ensure
that the largest amount of different surface contact is made.
Figs. 4.53a, 4.53a and 4.55a show the contact information provided by each
encircling attempt for each of the three experiments. The resulting object repre-
sentation after the contact information has been processed by the inverse convex
hull algorithm is shown in Figs. 4.53b, 4.53b and 4.55b, respectively. There is not
a great deal of difference between the generated models of the first and second
experiment. The third experiment has a visible erroneous increase in size in the
lower right hand region, which would account for the larger accuracy error ob-
tained. The additional attempts made in the first and second experiments shift
the positioning of the links enough to further explore that region. The upper left
hand region of the object has not been explored but more attempts at grasping
the object from further positions rotated around the object could correct for this.
4.4 Calculating the furthest angle for the initial
joint
The experiments have found that two attempts at grasping an object from each
position provides a good balance between the number of encirclement attempts
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Figure 4.53: Placement of links and object representation for the first experiment
and the level of accuracy provided. There should be as wide as possible a differ-
ence between the angle of the two attempts in-order to increase the amount of
contact knowledge. It would therefore be useful to know how far the first link
could be shifted back from the contact point and still allow the arm to wrap
around the object. This section describes a method that uses assumptions to
calculate an approximate solution to this problem.
Beginning with the assumptions: it is assumed that the centre of mass of the
object is roughly known, the manipulator has links of identical lengths and that
the object can be roughly modelled as a circle/sphere with a known radius. These
assumptions are used to greatly simplifying the problem. The assumption that
the object’s centre of mass is known is valid because, after the first encirclement,
both a rough position and centre of mass can be easily calculated as described in
section 4.2. The assumption that the link lengths are identical is for convenience
only, the experimental equipment and simulations all consist of robots with links
of identical lengths. Extending the work described in this section to non-constant
link lengths remains future work but should not prove too difficult.
The sphere/circle assumption is the largest simplification as almost all objects
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Figure 4.54: Placement of links and object representation for the second experi-
ment
Figure 4.55: Placement of links and object representation for the third experiment
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will not be spherical and may in fact contain concave elements. The assumption’s
validity relies on the fact that the replacement object has virtually the same
circumference as the actual object. If the shapes have the same circumference
then the robot will wrap the same distance around each of them (assuming that
the robot has many links whose lengths are much smaller than the size of one side
of the object), however, the circle/sphere is much easier to perform calculations
with. The method for calculating the size of the spherical/circular object is
required before it can be shown that the circumferences are similar. The radius
of the circle/sphere is calculated as a simple average as follows:
r =
d1 + d2
2
(4.12)
where r is the radius of the replacement object with an equivalent circumfer-
ence and d1 and d2 are the distance to the closest and furthest points on the
circumference of the convex object.
A number of objects are now analysed using this method to show that the
circumference difference between objects and the replacement object is low. Re-
placement circles are calculated for six 2D objects and the results and comparisons
are shown in table 4.4. All of the objects, except for the rectangles, are regular in
shape and the size of their sides are shown in the length(s) column. There are two
sizes for the sides of the rectangles, one for each of the two possible side lengths.
The circ. column lists the actual circumference of the objects as calculated using
the sizes of the sides. The circle radius column shows the calculated radius of
the equivalent circle calculated using eq. 4.12, whilst the Circle Circ. column
shows the circumference of that equivalent circle. The percentage error, shown
in the Error (%) column, between the simplified object and actual object is, for
the worst case, only 21.3%, the regular objects have errors from between 2% and
9%. The errors are small enough to allow the work in this section to be used as
a general indication of the maximum distance the arm can move away from the
object.
Fig. 4.56 shows all the relevant notation used in the following equations to
derive the calculation of the maximum back amount (αmax). In the figure, α is
the angle of the first link as it rotates away from the configuration where all joints
are being held at zero degrees, i.e. held out straight. The robot consists of n links
of length l and the spherical object’s radius is r, with a centre located at the point
Pcs. Cosines and Sines will be reduced to C and S respectively with subscripts
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Object Length(s) Circ. Circle Radius Circle Circ. Error (% )
Equil. Triangle 4 12 1.7321 10.8831 9.31
Square 4 16 2.4142 15.1689 5.19
Rectangle 1, 2 6 0.8090 5.0831 15.28
Rectangle 1, 15 32 4.0083 25.1850 21.30
Pentagon 2 10 1.5389 9.6692 3.31
Hexagon 3 18 2.7991 17.5869 2.30
Table 4.4: Circumference difference between objects and circular simplification
Figure 4.56: The notation used in the calculation of max. back amount
denoting what is being passed through the relevant trigonometric function.
The point where the first and second link of the arm meets, P1, can be found
simply from the angle of the base joint and the length of the links:
P1 = l
[
Cα
Sα
]
(4.13)
In turn the distance from P1 to the contact point with the object, d, can be
found using the known positions of the sphere centre and that point:
d2 = (Pcsx − lCα)2 + (Pcsy − lCα)2 − r2, (4.14)
where the x and y subscripts denote the value of the vector in that axis. The
equation can be rewritten to combine the elements referring to α:
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d2 = D(D2 − r2 + l2 − 2lSθ+α) (4.15)
where:
D =
√
P 2csx + P
2
csy (4.16)
and:
θ = tan−1
(
Pcsx
Pcsy
)
(4.17)
The amount of the arm remaining, dr, needs to be greater than half the
circumference:
(n− 1)l − d > pir (4.18)
but we are interested in the limit where:
(n− 1)l − d− pir = 0 (4.19)
Squaring and rearranging gives:
d2 = (n− 1)2l2 − 2pirl(n− 1) + pi2r2 (4.20)
Inserting eq. 4.15 into eq. 4.20 gives:
D2 − r2 + l2 − 2lSθ+αmax =
(n− 1)2l2 − 2pirl(n− 1) + pi2r2
D
(4.21)
and therefore:
Sθ+αmax =
−
(
(n−1)2l2−2pirl(n−1)+pi2r2
D
)
+D2 − r2 + l2
2l
(4.22)
The maximum amount back the arm can reach whilst still wrapping around
at least half of the object can therefore be calculated as:
αmax = sin
−1
−
(
(n−1)2l2−2pirl(n−1)+pi2r2
D
)
+D2 − r2 + l2
2l
− θ (4.23)
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To use the work in this chapter, an initial attempt at encircling the object
must first be made. This will need to provide enough information to calculate the
circle’s radius and centre position. Once this has been accomplished it is simply
the case of inserting the known quantities of the number of links, n, link length, l,
circle radius, r, and circle centre position, Pcs into eq. 4.23. The calculated value
of αmax is a indication of the minimum distance the base joint can be rotated and
still allow the arm to wrap around at least half of the object, angles greater than
αmax will allow the arm to wrap around more than half of the object.
4.5 Summary
In this chapter the Octograsp and inverse convex hull algorithms have been
demonstrated. The Octograsp algorithm allows snake-like robots to interact with
object’s and gain contact information. The inverse convex hull algorithm can
then process that contact information in-order to determine the object’s shape
and position. Both of the methods require no external sensors such as touch sen-
sors but also do not preclude their use. The methods can also work on everything
from the simplest, to the most complicated robots as long as they are serial chain
(snake-like) robots.
The algorithms have been demonstrated on two very different robots, the
first is a simplistic hardware robot that only provides very coarse information,
the second is a more complex simulated robot that can return a much better
resolution of contact information. It is clear from comparing the results from the
two robots that when determining an object’s shape, 60% error for large and few
links whilst only 18.7% error for many small links after one encirclement attempt,
that it is better to have a robot that consists of many small links. This fact needs
to checked to see if it also true when planning a grasp, if so then it would be best
to have a robot with many small links when whole arm grasping.
The experiments and simulations performed using the Octograsp algorithm
have shown that it is capable of providing accurate contact information, the best
case situation had a model accuracy error of only 3.1%. It has also been shown
that with patience even robots with few and large links can attain enough contact
information to build a reasonable representation of the object. Two methods for
repeatedly encircling the object have been described: the multiple positions and
multiple orientations methods. Encircling the object from multiple positions and
combining the contact data provides a large increase in model accuracy, larger
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than provided by making multiple attempts from the same position. It has also
been shown that it is best to minimise the number of encirclement attempts to
reduce the amount the object is disturbed. The results of this chapter show that
the best contact information is found when the Octograsp algorithm is used in at
least three positions spaced around the object, with two attempts at encircling
made in each position. A method of calculating the maximum amount that the
arm can move away from the object and still encircle at least halfway around has
also been described. This method is useful for calculating where to stop the first
link of the robot on the second (and greater) attempt in any position.
The inverse convex hull algorithm has been shown to be able generate a model
of the object’s shape from the the coarse contact information provided by the Oc-
tograsp algorithm. An analysis of the inverse convex hull algorithm’s parameters
has shown that each link in the contact information should be discretised into at
least 100 points, but no more than 300 points. The aexp parameter provides the
greatest accuracy when it is in the range of 0.04 to 0.1, a value of 0.05 has been
used in the other experiments and simulations.
Simple measures of object complexity have also been investigated, but the
results are not conclusive. The idea is to use these measures to determine how
difficult it will be to model and plan a grasp for that object. It appears that the
number of lines comprising the object as well as its concaveness have a positive
correlation with area error, and therefore complexity, whilst the area ratio has a
negative correlation.
There are two drawbacks to the approaches, firstly concave objects can not
be accurately represented with these methods. This is not such a big problem as
these concave elements are often not required to obtain a good grasp, in some cases
it is not even possible to utilise as they are too small in comparison to the robot’s
size. The second problem is that of object disturbance, even minor disturbance
has a detrimental affect on the resulting accuracy of the object representation.
Methods found for reducing object disturbance are to reduce the speed at which
the robot sweeps the environment, reduce the weight of the robot relative to the
types of object being picked up, increase the friction between the object and the
ground it is resting on, minimise the number of attempts made at contacting the
object by making use of the research into back amounts and position attempts,
or optionally incorporate additional touch sensors.
Chapter 5
Planning the Desired Grasp
In this chapter the second task in grasping, that of planning a grasp for a known
object, is considered. The key element in the previous sentence is “for a known
object”, as this allows this task to be treated wholly separate from any other. It
is a reasonable assumption to make when one considers that the previous task is
dedicated to acquiring just such this knowledge.
The first consideration when planning a grasp is how the supplied object will
be represented. The object could be represented as a set of flat polygonal elements
(e.g. Borst et al. (1999) or Liu (2000)), as a set of curved surfaces (Zhu and Ding,
2006) or something even more complex such as a manifold (Hoppe et al., 1992).
As the complexity of the representation is increased, the accuracy with which a
wider variety of objects can be represented will also increase. The drawback being
the increased complexity of interpreting the model. Current robotic technology
is not able to provide a great many number of links and thus the resolution in
which both the robot can identify the object (see the first task in Chapter 4)
and contact the object is coarse. This means that the added complexity of more
involved models would currently be wasted. This chapter therefore represents all
objects as polygons and approximates curved surfaces as a set of polygonal facets.
As technology improves the representation complexity can be increased and the
same techniques outlined here could still be used with only minor changes to the
algorithm.
There are two major difficult considerations in the planning of the whole arm
grasp, optimality of the returned solution, and the kinematics of the arm. The
optimality of the solutions will be considered first.
5.1 Optimality
Ideally any grasp planning algorithm should be able to return the contact lo-
cations and configuration of the manipulator that will result in the strongest
possible grasp. The idea of this section is to show that the ideal case is often
not practical and good grasps can be found with only a fraction of the effort that
finding an optimal solution entails.
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When placing contacts on an object, small deviations in positioning those
contacts from the desired position may drastically alter the strength of the re-
sulting grasp. For example, if a contact moves beyond the edge of a face of the
object onto another face then the sudden change in angle will alter the strength
of the applied grasp, the amount depends upon the other existing contacts. If the
contact being moved provided little in the way to the grasp then its effects would
be virtually nil. If, on the other hand, it is highly important, such as in the case
where one finger is providing an opposing force for all others, then moving this
finger slightly will have a very large effect on the grasp. The fact that transitions
between faces can drastically change the strength causes the grasp planning pro-
cess to be highly non-linear in nature. The side effect of this fact is that common
methods of searching for optimal solutions, such as gradient descent or branch-
bound tree traversal (Russell and Norvig, 1995), are not suitable. In the case of
gradient descent, the existence of local minima will stop the algorithm from find-
ing global optimal solutions. There could be many such local optimal solutions
thereby virtually guaranteeing that a local optimal solution will be found instead
of the single global optimum. Also, the non-linearities cause additional problems
in that the sudden changes in strength due to facet transitions will make the
gradient at those points become infinite, or at least very large, and would make
the algorithm perform in unpredictable ways. Tree traversal algorithms can also
not be applied to the basic problem as there will be difficulty in representing
the grasps, the fact that there are potentially infinite combinations of contacts
to form a grasp will require too much memory to keep track of in this form. In
order to limit the search space of the grasp planning problem, the object could
be discretised into a set of points where contacts can be made, otherwise there
are an infinite number of positions that can be grasped. However, discretisation
then eliminates the possibility of knowing whether the algorithm returns the true
optimal grasp or just the optimal for the set of points chosen.
The problems with intelligent searches mean that the only reliable way to
search for the optimal grasp is to systematically check every single possible grasp
and return the best. Due to the sheer size of the search space this means an
incredible amount of computation is required. This is completely unnecessary if
your expectations are lowered slightly i.e. rather than requiring a global optimum
grasp instead only require a good grasp. It will be shown here that this is indeed
the case in that it is very easy to find a good grasp and very tough to find
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an optimal. Many researchers make this assumption that only a good grasp is
required (such as in Stanley et al. (1999) or Borst et al. (1999)) but none of them
have yet justified that assumption.
The term “a good grasp” needs to defined before it can be used. There has
been little study of what value of wrench ball measure constitutes a good grasp
strength, with only Goldfeder et al. (2007) stating, without justification, that a
value greater than 0.1 is reasonable. The remaining examples that search for a
good value all assume that the user knows and can define what the good value
is. Later in this section the claim that 0.1 is good will be investigated and a scale
declared through experimentation.
To show that searching systematically for an optimal, or even a reasonable,
grasp is unnecessary, an algorithm that performs a systematic search was com-
pared against one that simply selects points to contact on the object at random.
The random search algorithm operated for a finite number of iterations or un-
til a desired strength grasp had been found. The systematic algorithm simply
exhaustively checks all combinations of contacts until all options are exhausted
or the desired strength has been attained. Both algorithms operate on discre-
tised objects. It may be possible to build algorithms that can operate upon
vectors/facets directly instead of discretising them first, which may increase the
speed of searching for optimal values, however, the approach would still require
a systematic checking of every combination of face, which is unfortunately the
major source of the size of the problem. The maximum number of iterations the
random search was allowed to perform was chosen as 10000 and a frictional coef-
ficient of 0.5 was chosen; these values are quite arbitrary with the frictional value
having no impact as long as at it remains constant throughout the tests. The
approaches were applied to fourteen different shapes that had a wide range of dif-
ferent characteristics, this was to ensure that the results were valid over a range of
different object types. To demonstrate the range of objects their characteristics
will now be discussed.
5.1.1 Shape characteristics
All fourteen shapes after they have been discretised are shown in Appendix A.
The objects are all 2D, working with 3D objects would not add anything to the
results other than increasing the search space. The objects (except the circle
and ellipse) are polygonal in nature and each line making up the shape has been
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Num. Name NDP SAC CNC (%) AR (%)
1 Triangle - Equilateral 30 1 0 100
2 Triangle - Isosceles 30 1 0 100
3 Triangle - Scalene 30 1 0 100
4 Square 40 1 0 100
5 Rectangle 40 1 0 100
6 Pentagon 50 1 0 100
7 Hexagon 60 1 0 100
8 Heptagon 70 1 0 100
9 Circle 80 1 0 100
10 Ellipse 20 1 0 100
11 L 60 1.5 20 71.4
12 T 80 2 33 71.4
13 Plus sign 120 3 50 71.4
14 H 120 3 50 77.8
Table 5.1: The shape characteristics
discretised into 10 positions. The same measures as in section 4.2.3 will be used
here, the values for each shape is shown in table 5.1. As the algorithms in this
section work on discretised points, the number of lines characteristic has been
replaced with a more suitable, but identical in nature, measure: the number of
discretised points. For reference the abbreviations are as follows:
• NDP - Number of discretised points
• SAC - Sum of angle change (multiples of 2*pi)
• CNC - Concaveness
• AR - Area ratio
The sum of angle change shown in Table 5.1 for each shape shows that the
first ten shapes are regular in nature. The last four objects can be seen to be non-
regular due to the increased sum of angle change. The shapes appear to provide
a fairly wide range of different characteristics and complexity, as indicated using
the measures developed in section 4.2.3. This will allow for the optimality test
to be valid for a wide spread of different types of objects.
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5.1.2 Optimality results
Both algorithms were used to calculate three-fingered independent contact grasps
over all fourteen shapes. Each shape was tested using both algorithms seven
times, each time a different wrench ball strength was desired. The resulting
strength and time taken to plan the grasp is recorded. Comparing the desired
grasp strength against the actual strength attained will demonstrate the range of
strengths that are reasonable to expect. Comparing the desired grasp strength
against the time taken to plan the grasp will demonstrate the difference between
optimal and good grasps. The algorithms were both running in Matlab on a
Windows XP, 2GHz desktop PC with 512Mb RAM.
A graph of desired strength against attained strength for the systematic ap-
proach to finding a grasp is shown in Fig. 5.1. It shows the attained strength
increases linearly with desired but only up to a limit, this limit is the optimal
strength, at least for that point set. The result for the random approach is shown
in Fig 5.2, the attained strength does not rise as consistently as the systematic
approach. The circular object has an interestingly small plateau for both ap-
proaches, the size of the plateau is determined by the size of the friction, a higher
frictional value would increase the attained strength of the plateau. A circle is an
object that cannot be grasped in the frictionless case as there is no way to apply
any torque to the object (Selig and Rooney, 1989).
A comparison of Fig. 5.1 and 5.2 show that the random search returns grasps
that are often as strong or nearly as strong as the systematic approach. The
cases where the actual strength returned by a random search is lower than the
desired strength appear to happen in the cases where the desired strength is not
attainable, this can be seen from Figs. 5.3 and 5.4. A graph of the number of
instances where the systematic approach did not reach the desired strength is
shown in Fig. 5.3, it shows an almost linear increase in the number of failures as
the desired strength is raised. In fact, the only consistent strength that all objects
can obtain is 0.1. The maximum wrench ball strength that the objects can reach
stretches a wide band but the majority fit above 0.4. This means that, although
the absolute theoretical optimal value obtainable for a select few objects is 1.0, it
is actually more realistic to expect the actual optimal value to be around 0.4 and
above. Fig. 5.4 demonstrates that only three out of ninety-eight attempts made
by the random search method failed to find the desired strength even though it
should have been able to.
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Figure 5.1: Strength results of the systematic approach
Figure 5.2: Strength results of the random search
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Figure 5.3: Number of shapes at which systematic approach failed to attain
desired strength
Figure 5.4: Number of shapes where random search failed to find desired strength
that is attainable
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Figure 5.5: Time taken for the systematic approach (seconds)
A comparison of the time taken to find the grasps is an even more impressive
result. Fig. 5.5 shows that the time taken for grasps of strength 0.2 and above
take at least fifteen minutes. On the other hand Fig. 5.6 shows that the approach
consistently takes only thirty to thirty-five seconds for all strengths, which is a
great deal less. Increasing the number of grasps analysed with the random search
would decrease the likelihood of the situation where a grasp is not found when
it should be, however, there will always be a chance that no grasp matching the
desired will be found. Another point that should be made regarding a desired
strength of 0.1, not only can this be found in all cases but Figs. 5.5 and 5.6 show
that the time taken to find this strength is very small.
Fig. 5.7 shows the number of iterations the random search required to find the
desired strength. Quite a few trials required the maximum number of iterations
but most of these appear to be the situation where the desired strength is above
the maximum strength possible.
Overall it has been shown that the ‘good’ value of 0.1 can be found easily and
quickly without much effort involved. The optimal value for an object is often in
the range of 0.4 to 0.7 and so the strength labeling scheme laid out in Table 5.2
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Figure 5.6: Time taken for random search (seconds)
Figure 5.7: Iterations taken for random search (max. 10000)
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Label Strength
No grasp 0
Poor grasp <0.1
Good grasp 0.1 - 0.3
Very good grasp >0.3
Table 5.2: Wrench ball strengths and their associated English descriptions
is proposed. The ease with which a relatively good grasp can be found indicates
that the focus of a whole arm grasp planning algorithm should be about resolving
the problems due to the kinematics of the arm, rather than on the optimality of
the solution.
5.2 Searching for a grasp
Due to the expense, in terms of time, and inefficiency of finding optimal grasps, it
is suggested that effort should instead be concentrated on finding grasps that take
into account the kinematic structure of the manipulator. A good grasp should
result with sufficient contact coverage over the object. Ideally, the grasp planning
algorithm should attempt to maximise surface contact, such that the likelihood
of a good grasp resulting increases, whilst using the minimum number of links to
attain this.
Finding a grasp that takes into account the kinematic structure of the arm
requires that the links of the arm are applied to the object in one continuous
path, the end result being that the object is completely encircled. This is the
opposite approach to that taken by Pollard (1997), Pollard searches for grasps
via independent contacts and then attempts to chain a path for the arm such
that all those contact points will be contacted.
The key assumption used in this work is that the shape and position of the
object is known relative to the base joint of the robotic arm. This determines the
starting position and angle for the grasp search. This is a reasonable assumption
to make, as the arm will be in position relative to the object through the nature
of the exploratory phase. A grasp can then be planned that will allow the robot
to grasp the object without needing further movement of the robot’s base joint.
The base joint can be moved and the grasp planning process can be repeated if
the strength of the grasp is less than desired.
There are two courses of action that can be taken if the assumption that the
base link’s position and orientation is not used, either the algorithm must try
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multiple positions or another start position must somehow be selected. Trying
multiple positions increases the size of the search space and has regressed the
algorithm to finding optimal grasps, this is against the aim of the work in this
section. The alternative is to instead select just one position to start from and
plan a grasp from there, the problem is how to select a “good” position, also, how
is “good” defined? Without an answer to these questions, there is little point in
randomly selecting positions if a starting position results from the process of
exploring the object’s shape.
5.2.1 The proposed grasp planning algorithm
The proposed method for finding a whole arm grasp is to systematically apply
contacts to an object via a backtracking algorithm. The algorithm iteratively
selects points further around the object than the current position and attempts
to link to them (this will be called a transition from now on), the kinematic
and collision constraints are enforced during this process. If a valid point is
found then the newly found point becomes the current position. If at any time
the current options for the current position are exhausted, then the algorithm
backtracks to a previous position and continues from where it left off. The use of
a backtracking algorithm allows for a memory efficient search of the grasp space,
as only a select few variables need be stored for each transition. Other methods,
such as tree traversal, would require the storage of every examined grasp and its
associated strength, this would quickly require a large amount of memory. The
backtracking algorithm can be thought of as a greedy depth first search of a grasp
space tree (Russell and Norvig, 1995). The suggested algorithm can be written
out in pseudo-code as follows:
1. Check the number of links used
• if equal to the maximum number of links and the strength is insuffi-
cient, then backtrack by removing the last added transition and con-
tinuing from where the algorithm left off.
2. If all options have been exhausted, i.e. backtrack beyond start, then end
with a failure
3. Select the current number of links to use for the current transition between
contact points
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• if this is the first attempt for this transition, then initialise all variables
to their default values
• the current number of links must be less than maximum links per
transition parameter, this is used to limit the search space
• the total number of links used must be equal to or less than total
number of links in the robot
• if it is not possible to increase the number of links, then backtrack by
removing last added transition and continuing from where the previous
transition attempt left off
4. Project a sphere onto the current contact location using the current sphere
size
• there is a special case for 1 joint, sphere size can only equal the current
link length
• the maximum sphere size is determined by the number and size of links
• if the sphere size is greater than the maximum sphere size, then incre-
ment the maximum number of links per transition variable and go to
step 3.
5. Select a facet of the object and find the circular intersection of that facet
with the sphere
• If fully explored all facets, then go back to step 4 and increment sphere
size
6. For the circular intersection, select points systematically around the circular
intersection using the radius increment parameter
• If fully explored this circle then go back to step 5 and try another facet
7. Using an inverse kinematic scheme, find a path from the current point to
the proposed point in the circular intersection; this is called the current
transition
• the kinematic and collision constraints must be enforced
• try moving the currently controlled joints in multiple directions
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8. If successful, then add the proposed transition to the list and make the
proposed contact point current, go to step 1.
9. If unsuccessful, then increase the radius increment variable and backtrack
to step 6
To aid understanding, several of the above terms will now be discussed in
more depth. In step four a sphere is projected over the current location in order
to find other possible contact locations, this is demonstrated diagrammatically
in Fig. 5.8. Fig. 5.8 shows a cuboid object from the side, the currently known
locations of the links of the robot are represented by the blue lines entering in a
planar curved pattern from the left. The places where the sphere intersects the
object denote candidate points for new contact points. The purpose of using this
method of selecting new contact points was to allow the backtracking algorithm
to easily maintain its current search position with the use of minimal data, in
this case only the size of the sphere, the facet being checked, and the intersection
number need be stored. The sphere also causes the search size to be converted into
discrete elements without having to discretise the entire object. As the algorithm
is attempting to maximise surface contact with minimal links, the use of one link
per transition is ideal and will therefore be attempted often. Discretisation of the
object would cause major problems with grasp planning when trying to use only
one link as the distance between points will not exactly match one link length.
By overlaying a sphere with a radius equal to a link length, the circular overlap on
the facets will correspond to positions that can definitely be reached. The sphere
size and its increments are configurable, however, it makes sense to constrain the
sphere size to the size of the link for transitions of only one link. Similarly, if
there are more than one link in the transition, then the maximum sphere size
can be constrained to the total length of the links in that transition, this puts
sensible limits on the search space for that transition. Having smaller increments
approximates a continuous, rather than discrete, search and its impact upon the
resulting grasp strength will be investigated later.
In step five the circular projection of the sphere onto a facet is found, this is
demonstrated in Fig. 5.9. The example continues on from Fig. 5.8 and shows
a view of the object from below. The sphere size is larger than in the previous
example as it better demonstrates the circular intersection that occurs. A sphere
forms a circular intersection with a plane, in this case the plane is the bottom
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Figure 5.8: Step 4: projecting a sphere on to the current contact point
Figure 5.9: Step 5: Sphere flattened to a circle and discretised
facet of the object. Not all of the circular intersection will lie on the facet, for
instance in Fig. 5.9 the red segment does lie inside whilst the grey does not. This
circular intersection is discretised into a finite set of points, which can then be
analysed for whether they lie on the facet or not. If the point does lie on the facet,
then the point becomes a candidate position for a new transition. Discretisation
of the circle allows for increased speed at the cost of search thoroughness. The
speed of the search can be further increased if it is known that the links that are
to perform the current transition all operate in the same plane, this is because
the circular intersection need then only be discretised into two positions: the
positions on the circular intersection that intersect with the planar path of the
links.
Step 7 is where most of the computationally expensive operations are per-
formed. This is where the candidate contact position and the current contact
position are attempted to be chained together. This involves the use of an in-
verse kinematic scheme that calculates the joint angles required by the links to fit
between those points, a description of the actual inverse kinematics scheme can
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Figure 5.10: Step 7: Examples of constraint enforcement
be found in section 5.2.2.2. The redundancy of the multiple links is used to force
an equal distribution of angles between the joints. Having an equal distribution
limits the angle any one joint need take, which reduces the risk of violating the
angular constraints of the arm. Fig. 5.10 demonstrates the constraint checking
performed at this step, Fig. 5.10a displays the arm trying to reach a point too
close to the current position with too many links, thereby violating the angu-
lar constraints on the arm. In Fig. 5.10b the robot has penetrated the object
and this transition is therefore invalid. Fig. 5.10c displays a valid configuration.
This step highlights a limitation of the current implementation: it requires the
assumption that the angular constraints of the arm are centred around zero.
There are multiple ways in which an arm can reach a desired point even with
the restriction that the angular spread of angles needs to be as even as possible.
This is demonstrated in Fig. 5.11: Fig. 5.11a shows a configuration where the
majority of the links making up the proposed transition are rotating in a clockwise
direction. Fig. 5.11b shows the opposite situation, the links are rotating counter-
clockwise. Both methods are desirable in different situations so both methods
are systematically checked for each transition.
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Figure 5.11: Step 7: Multiple attempts at contacting the same point
5.2.2 Implementation examples of grasp planning compo-
nents
The algorithm was implemented in a c++ application rather than in Matlab.
This allows for the use of Direct3D to perform the rendering of both the object
and manipulator whilst the algorithm attempts to find a grasp. The use of
Direct3D allows objects to be loaded with file formats used within industry. The
Direct3D .x format was used here, other object formats could be used by making
minor changes to the object loading routines. Fig. 5.12 shows the developed
program computing a grasp for a Y shaped object. The window to the left is the
visualisation, which can be turned off to speed up the process, the window on
the right is the console, which provides debug and run time information. In the
visualisation pane, the grey object is the object being grasped while the blue line
represents the current path the robot is testing out.
The program is given three parameters to start with: the object file, detailing
the object’s geometry, a robot structure file, and a parameters file. The robot
structure file provides information regarding the order and size of each link making
up the robot. The data provides information in the form of Denavit-Hartenberg
parameters, i.e. link length (A), link offset (D) and link twist (α), with the joint
angle (θ) being computed within the code. The file starts by listing the number
of links making up the robot and then each subsequent line of the text file is the
parameters for each subsequent link. Each line has two additional parameters,
which are the minimum and maximum angular values for that joint.
The algorithm currently represents the links of the robot as a line in three
dimensional space, this is obviously not going to be the case with actual robots.
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Figure 5.12: The whole grasp planning program calculating a grasp for a Y shaped
object, the background colour has been altered to white
Additional collision detection calculations will be required to take into account
the width of the arm, which may cause more failures when finding transitions.
The only other effect will be to increase the ease with which the algorithm can
find a grasp, this is because each link will apply an increased amount of surface
contact. Friction is taken into account in the program by using the friction cone
linearisation method, see section 2.2.1.2.
The parameters file is another text file, this time it lists parameters specific
to that instance of the algorithm. The options that can be adjusted are the:
• name of the parameter set
• sphere size increment
• radius increment
• maximum links to check per contact point transition
• friction level
• friction cone linearisation factor
• desired wrench ball strength to aim for
• position and orientation of base joint
CHAPTER 5. PLANNING THE DESIRED GRASP 189
• terminate on finish and write file on finish flags
The write file on finish flag is used to indicate whether the results should be
written to a set of three files. The first file is a summary of the results, it contains
the state upon finishing i.e. whether successful or not, the maximum strength
found, the strength found upon finishing (this can be different depending on the
choice of desired strength), and the time taken to find the respective strengths.
The second file records the joint angles that result in that desired grasp, whilst
the third file records the transformation matrices for each link of the grasp.
The algorithm can return four states upon finishing. The first state indicates
a complete success, i.e. the attained strength has matched or beaten the desired
strength. The second state indicates that a sufficient grasp has been attained,
a sufficient grasp is one that uses all of the links in the arm and has a strength
greater than zero but less than the desired strength. This state is required because
if all the links have been used and the object is encircled, then the grasp is
unlikely to be improved upon without significant further searching. The third
state indicates a complete failure i.e. every combination has been attempted
and none were successful. The fourth state indicates that the search process has
timed-out without acquiring a grasp. This happens when the number of iterations
of attempting a particular transition is greater than a user defined threshold, in
this program the threshold was set at 100000 iterations. This condition was put
in as certain combinations of parameters, objects and robots result in a search
that requires many millions of iterations, this can take an extraordinary amount
of time and rarely results in a useful grasp. The second and fourth state have
both been added in an attempt to stop the attempts that involve lots of work
for minimal benefit from requiring lots of processing time. What now follows is
a discussion of the more difficult algorithmic components.
5.2.2.1 Computing the grasp strength
To calculate the strength of a particular grasp in three dimensions requires that
the convex hull of a six-dimensional set of points be calculated, this is quite
difficult and, as it turns out, unnecessary. A piece of software called qhull (Barber
et al., 1996) is available that can perform exactly this function, it is reliable
enough that it is used within the Matlab environment for exactly this purpose.
By using this software much development time has been spared, the only side
effect of taking this approach is that the process is fairly slow. This is because
CHAPTER 5. PLANNING THE DESIRED GRASP 190
the grasp details are written to a file so that they can be analysed by the qhull
algorithm, this in turn saves the results to a file, which then needs to be parsed by
this software. There are c++ hooks that could speed this process up, but the time
would not be well spent doing so, as the speed decrease affects all grasp planning
attempts equally. It should just be noted that the speed of the program can
potentially be vastly improved by optimising the code. This holds true for most
of the code in the algorithm, optimisation was not a focus of this implementation.
The calculation of the grasp strength is by far the slowest element of the grasp
planning procedure. This means that if the strength of the grasp was evaluated
after every successful new transition, the program would be exceedingly slow
as thousands if not millions of checks would need to be performed. A different
approach was therefore taken, the strength is only evaluated upon the need to
backtrack. This ensures that only the best possible grasp for that current attempt
is analysed.
5.2.2.2 Computing the transition path
Computing the required configuration for a set number of links between two posi-
tions is a classic robotics problem, it is solved through the use of inverse kinemat-
ics. There are a number of inverse kinematic schemes that could be used, common
examples are: inverse kinematics using the pseudo-inverse Jacobian (Sciavicco
and Siciliano, 2005), the transposed Jacobian (Lee and Buss, 2007), or damped
least square (Buss, 2004). Each of the methods have their own strengths and
weaknesses in terms of computational complexity, convergence rate and stability
problems (Sciavicco and Siciliano, 2005). The pseudo-inverse Jacobian method
was utilised in this work as the null-space projection allows this algorithm to
make use of redundant nature of the links making up the transition (see Section
2.7.2).
Various different effects can be applied to the robotic arm, whilst maintaining
the ability to match the desired coordinates, by carefully crafting the objective
function, w(θ), that determines the arbitrary vector ϕ in Eq. 2.15. Allowing a
robot to avoid contact with objects, moving joints away from mechanical limits or
keeping joints away from singularity positions are just some of the effects that the
objective function can cause. Attempts were made to use an objective function
that forced links away from the object in an attempt to avoid the links lying
inside the object; this caused stability issues as the transition must contact the
object in two places. The approach also often violates the angular constraints on
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the arm. A different approach was taken, one in which the angular constraints
are unlikely to be violated and has a reasonable chance of avoiding contact with
the object, even when faced with concave or convex edges. As described in the
algorithm overview (section 5.2.1), the function attempts to spread the angle
change evenly throughout the links involved in the transition. No one link will
require more change than any other and thus each is less likely to violate its
angular constraint. This assumes that the angular constraint of each link is
equivalent, with further work the objective function could be modified to take
into account the individual constraints of each link in the transition.
The arbitrary vector, ϕ, is determined using the objective function, w(θ),
(Sciavicco and Siciliano, 2005) as in:
ϕ = k0
(
δw(θ)
δθ
)T
(5.1)
The objective function is defined in this work as:
w(θ) = − k0
2(n− 1)
n−1∑
i=1
(θi − θm)2 (5.2)
where the mean angle of the joints, θm, is defined as:
θm =
n−1∑
i=1
θi
n− 1 (5.3)
The joints are labeled 0 to n − 1, with n being the number of joints in the
transition, k0 is a gain constant that allows for a trade off between the positioning
accuracy and minimising the null space measure. The first element of w(θ) is left
intentionally as zero as it must move in different directions from the others to allow
the resulting curved arm to reach the desired position. By minimising w(θ), the
joint angles must equal each other, this results in a gentle curved configuration.
The angles of the transition must be initialised in a non-singular configuration,
this requires that each joint angle has a small non-zero value. This causes the arm
to tend to curve in one direction, but, as shown in Fig. 5.11, it may be required
to curve in the opposite direction. The direction is reversed by re-running the
inverse kinematics algorithm with the joint angles initialised to the inverse of the
angles resulting from the first attempt. The algorithm then settles into the other
possible direction.
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Figure 5.13: Calculating the intersection of a sphere with a facet
5.2.2.3 Sphere / facet interaction
Finding the circular intersection of the over-laid sphere on a particular facet of
the object is a relatively easy process. It is carried out in this algorithm by first
finding the closest distance, d, of any point on the plane of a facet to the sphere
by using:
d = (Psc − Pf ).Nf (5.4)
where Nf is the normal of the plane that the facet lies on, Psc is the sphere’s
centre point and Pf is any point located on the facet.
If the distance, d, is greater than the radius of the sphere, then that facet can
be ignored as no intersection exists, otherwise, there is at least one intersection.
This is shown diagrammatically in Fig. 5.13.
The circular intersection will lie over the closest point on the facet, Pc, to the
sphere’s centre point, which can found using:
Pc = Psc + dNf (5.5)
The radius, rc, of the circle intersection depends on the distance, d, and the
sphere’s radius, rsc. The radius, rc, is found according to:
rc =
√
r2sc − d2; (5.6)
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Finally, a check is now performed using the radius and circle centre position
to ensure that the circle lies at least partially on the facet, this is because the
plane of the facet has been used as opposed to the facet itself.
5.2.2.4 Collision detection
When a transition has been calculated that satisfies the angular constraints, it
must also be checked for collisions as the arm must not be allowed to pass through
the object or any other point on the arm. In-order to save on the amount of colli-
sion detection that must occur, only newly proposed transition links are checked
for collisions between the object and the robot. Due to the rounding errors in
the floating point numbering system in computers, all contact positions must be
shifted away very slightly from the surface of the object. This is to stop the slight
errors from causing the robotic arm from ever so slightly penetrating the object
and violating the collision constraint.
Checking for collisions between the links of the robot is another relatively
simplistic process. It is performed by calculating whether any of the lines rep-
resenting the new links in the transition pass through any of the existing lines
representing already placed links of the robot. A point, Pn, on the n-th link can
be represented as:
Pn = Plsn + un(Plen − Plsn), (5.7)
where Plsn is the start position of the link, Plen is the end position of the link,
and un is a coefficient that determines how far long along the line Pn is. All of
the P variables are three dimensional vectors that place a point within Cartesian
space.
If there is a collision between the i-th and j-th lines, then there will be a
common point between them. This means that there will be values for ui and uj
that make the following equation true:
Plsi + ui(Plei − Plsi) = Plsj + uj(Plej − Plsj) (5.8)
This can be converted into the following matrix form:
A =
[
B C
] [ ui
uj
]
, (5.9)
where:
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A = Plsj − Plsi (5.10)
B = Plei − Plsi (5.11)
C = Plsj − Plej (5.12)
The values of ui and uj can then be found using:[
ui
uj
]
=
[
B C
]+
A (5.13)
If the result of either ui or uj is indeterminate (i.e. 0/0) then the two lines are
coincident. If ui and uj are infinite (i.e. X/0) then the lines are either parallel
or do not lie in the same plane and will never collide. If the values of ui and
uj are both between 0 and 1 then the lines do actually collide, this counts as an
instant failure. Any other result passes as it indicates that the lines do intersect
but that they occur on some point further along then the physical length of
those particular links. The values of ui and uj can actually be found faster
via Gaussian elimination rather than the matrix pseudo-inverse shown (Matlab,
2006b), Gaussian elimination is the method that is used within this work.
Checking for collisions between the robot and the object is a similar process.
Each new link in the transition is checked against the plane of each facet to see
whether it passes through the interior of that facet. A line will always penetrate
any given plane unless it is parallel to that plane.
A point on the i-th facet’s plane, Pif , can be represented as:
Pif = Pif0 + vi(Pif1 − Pif0) + wi(Pif2 − Pif0), (5.14)
where Pif0, Pif1 and Pif2 are the three vertex points of the i-th facet, and vi
and wi are coefficients determining the exact position of the point on the facet.
The subscript f is used to denote the difference between a line and a facet.
By similar manipulation as in the link-to-link collision check, the equations
can be equated and manipulated to make ui, vj and wj the focus:
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 uivj
wj
 = [ D E F ]−1G, (5.15)
where
D = Plei − Plsi (5.16)
E = −(Pjf1 − Pjf0) (5.17)
F = −(Pjf2 − Pjf0) (5.18)
G = Pjf0 − Plsi (5.19)
The major difference between this equation and the link-to-link check is that
normal matrix inversion can be used to solve it, however, it is still much quicker
to use Gaussian elimination to find the ui, vj and wj parameters.
Similar to the link-to-link collision check, if ui, vj and wj are valid real numbers
and ui is between 0 and 1 whilst the sum of vj and wj is between 0 and 1 then the
line intersects the plane and a collision has occurred, otherwise, it does not pass
through the facet and no collision has occurred. If ui, vj or wj are infinite (e.g.
1/0) then the link is parallel to the facet and will never intersect; that combination
of facet and line passes this check. If any of the ui, vj or wj parameters are
indeterminate (0/0), then the line actually lies wholly in the plane, this should
never happen due to the slight offset of the contact points and therefore counts
as a failure.
5.3 Analysing the performance and capabilities
of the grasp planning algorithm
The planning algorithm was used to plan grasps for a variety of robots over a
range of 3D objects in-order to determine the impact of robot design, object
geometry and algorithm parameters on the grasp planning process. The objects
used to perform this analysis are a different set from those in previous chapters,
the objects are now 3D as the planning process is not limited by hardware to a
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Num. Name NF SAC (rad) CNC (%) VR (%)
1 Cube 12 18.8496 0 100
2 Sphere 192 76.1474 0 100
3 Pyramid 6 13.6155 0 100
4 Star 24 53.6002 33.3˙ 6
5 T 28 47.1239 4.76 45.5
6 Y 31 37.6903 7.14 13.9
Table 5.3: The shape characteristics for the 3D objects
planar case. Pictures of the 3D objects are shown in Appendix B, whilst table
5.3 characterises those objects using similar criteria to those in section 4.2.3 and
5.1.1. The following explains the abbreviations in table 5.3:
• NF - Number of facets
• SAC - Sum of angle change (rad)
• CNC - Concaveness, the concave to convex edge ratio (%)
• VR - Volume ratio (%)
Three of the old criteria have been slightly modified from the 2D case to
make them more applicable. The number of lines/discrete points criteria has
been altered to the number of facets. The sum of angle change is now measured
in radians rather than in multiples of 2pi, this is because objects will no longer
consist of multiples of 2pi due to the extra dimension complicating matters. Lastly,
the area ratio is changed to the volume ratio.
These 3D models have been chosen as they provide a range of values over
the different complexity measures. The star shaped object should prove to be
the most difficult object to grasp, whilst the convex objects (square, sphere and
pyramid) should prove to be the easiest.
5.3.1 Analysis of parameters
The grasp planning algorithm has a number of user defined parameters, an in-
vestigation of those parameters are required to find what effect they have on the
planning process and whether there are optimal values. The parameters are inves-
tigated by varying the parameter of interest over a range of values and recording
the strength of the resulting grasps, success rate and time taken to plan the
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Parameters Default
Sphere size increment 0.01m
Max. links per trans. 7
Friction 1.3
Desired strength 0.1
Table 5.4: The parameters investigated and their default values
grasps. The other parameters are held static whilst they are not of interest. The
parameters being investigated and their values when being held static are shown
in table 5.4.
The effects of both the object being grasped and the robot doing the grasping
are not currently of interest, they are therefore held constant throughout the
investigation of the parameters. The chosen robot consisted of fifty links each
of equal length of 0.2m. The angular constraint was set at a value of ±3/4pi
radians, which is quite flexible. This produced a robot that has a large number
of small links and was unrestricted in terms of angular constraints, this should
make the robot capable of wrapping around each object quite comfortably, which
will reduce the impact of the robot configuration upon the investigation of the
parameters. Due to time constraints, only planar robots have been investigated in
this and in the remaining experiments. It is anticipated that non-planar robots
will be more capable of finding strong grasps as they can explore more of the
object but they will take longer to find. The verification of this hypothesis is left
as future work. The spherical object was chosen as the object to be grasped as,
according to the complexity measures, it should be relatively easy to grasp. The
reasoning behind these decisions is that any difficulty in grasping the object will
be caused by the parameters rather than the robot or object.
In this experiment, and the those remaining in this chapter, several starting
positions and orientations of the base links relative to the object were examined
for each attempt at planning a grasp. The purpose of this is to take into account
their effects; certain orientations and positions may be suitable for one object but
not another. The positions, indicated by the dots in Fig. 5.14, were chosen such
that they spread over the majority of the surface of the object, a sample spherical
object is demonstrated to show the relative position, and are at several different
distances from the object. Three directions were chosen to initially orient the
base link, each of which points in a positive axis direction, and will provide a
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Figure 5.14: The positions chosen to analyse the parameters are indicated as
dots, a sphere is shown as an example object
wide range of directions.
The radius increment parameter and friction cone discretisation level have not
been investigated. The friction cone discretisation level has well known effects
in regards to the strength and time results. Increasing the level of discretisation
will increase the amount of time taken to analyse the strength of a grasp and
will increase the accuracy of the resulting grasp strength (Liu, 1999). It was felt
that investigation of this parameter was unnecessary and as such was left at an
arbitrary discretisation level of 8. A full investigation of the radius increment
parameter is not possible due to the decision to limit the current work to planar
examples. The radius increment parameter was left at 12.5%, which allows for
an investigation of the 8 compass points, more than sufficient for planar robots.
During this investigation and those in section 5.3.2 and 5.3.3 there will be three
graphs for each parameter of interest. Each graph will compare one parameter
against either the resulting grasp strength of the successes, time taken to find the
grasp or the occurrence rate of the four different states at the end of planning a
grasp. A large number of different combinations of positions, orientations, shapes
and robots can occur and so the statistical spread of both the strength and time
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Figure 5.15: Success rate of sphere size increment parameter
results are presented.
The effect of changing the sphere size increment over the values of 0.01m to
0.1m on the success rate of the algorithm is demonstrated in Fig. 5.15. The
grasp planning algorithm never finds a sufficient grasp and has a constant 33%
amount of failures. This indicates that one of the sets of positions or orienta-
tion consistently fails to find a grasp. The time-out and success states have an
inversely proportional relationship, lower sphere sizes increase the likelihood of
the algorithm timing out. This is to be expected as decreasing the sphere size
effectively increases the search space and therefore the number of points that need
to be examined for each transition. One conclusion that can be made is that the
threshold for time-outs may be too small.
The effect of changing the sphere size increment over the values of 0.01m to
0.1m on the strength of the successful grasps returned is demonstrated in Fig.
5.16. Intuitively, it may be expected that decreasing the sphere size increment,
and thus increase the resolution of the search, would increase the likelihood of
finding a strong grasp, which is exactly what is observed from the results shown
in Fig. 5.16. The strength improves as the sphere size increment is decreased. An
alternative explanation for the increased strength is that the grasps that are more
likely to time-out result in low strength grasps, as the increment size decreases
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Figure 5.16: Sphere size increment parameter against the strength of the success-
ful grasps produced
those weaker strength grasps will be the first to be removed, the overall strength
will therefore increase.
The time taken to compute the grasps for the various sphere size increments
is shown in Fig. 5.17. Fig. 5.17 confirms the theory that the search space is
increased for lower sphere size increments as it shows that the smaller increments
require a much longer time to examine the search space. The time-out failures
require a much longer time to process than the failure states, but around the
same amount of time as the successes. This again indicates that the threshold
for time-outs is too small, the algorithm should be allowed more time relative to
the successes to allow for the more complicated transitions involved.
The maximum number of links per transition parameter was varied between 3
and 15 in-order to investigate its effects. That range of values was chosen as it en-
compasses a wide range of values, from only allowing very simple transitions when
the maximum amount is three, to being able to make long-reaching transitions
of up-to fifteen links. The occurrence rate of the successes and failures during
those experiments are shown in Fig. 5.18. Below five links the rate of complete
failures is large; this is probably due to an inability to successfully move around
edges and corners. Above five links the rate of time-outs dominates, this, coupled
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Figure 5.17: Sphere size increment parameter against the time taken to plan the
grasps
with the results from the sphere size increment test, indicates that the threshold
of the time-outs is too small.
Increasing the number of links that can be used to make a transition has two
benefits, as can be seen in Fig. 5.19: increasing the mean strength and reducing
the range of strength values. The same explanations as the sphere size increment
investigation can be used here: the first reason for this behaviour is that increasing
the number of links that can be used per transition also increases the search space
of the algorithm, this increases the probability that a strong grasp will be found.
Secondly, the weaker grasps may be more likely to time-out and so when the rate
of time-outs increases, the mean strength also increases. The second explanation
is more likely when the rate of time-outs in Fig. 5.15 and 5.18 are compared
against the mean strength in Figs. 5.16 and 5.19 respectively; the results follow
similar patterns.
The time taken to compute the various grasps over the range of values for
maximum number of links per transition is shown in Fig. 5.20. The graph
shows the opposite behaviour to that of the sphere size increment: increasing the
maximum number of links increases the time taken to compute the grasps. This
is to be expected as the both of the parameters affect the search space but the
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Figure 5.18: Success rate of the maximum number of links parameter
Figure 5.19: Maximum number of links parameter against the strength of the
successful grasps produced
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Figure 5.20: Maximum number of links against the time taken to plan the grasps
maximum number of links parameter increases the search space when it is large
rather than small. The maximum number of links parameter has a larger impact
on the time taken for complete failures, although the time taken is still small
relative to the other states.
The consensus in the literature regarding the effects of friction, see section
2.2.1.2, is that increasing friction should only aid the grasping process. The results
of the investigation into the effects that friction has on the resulting strength of
the grasps, shown in Fig. 5.21, appears to support this. The graph shows a
steady increase in grasp strength with increased friction, although the strength
eventually plateaus.
The success rate for each frictional value is shown in Fig. 5.22, it can be seen
that the friction has virtually no effect on the success rate above the 0.4 mark.
Lower than this and it begins to get more difficult to satisfy the torque elements
of the wrench space and therefore attain the desired wrench ball strength.
The effect of friction on the time taken to compute grasps is shown in Fig.
5.23, it can be seen that friction has a negligible effect on the time taken to cal-
culate a grasp. Friction behaves exactly as expected from the existing literature:
increasing friction aids the grasping process by improving the strength of the
grasps that can be attained.
The last algorithm parameter to be tested is the desired strength. A range of
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Figure 5.21: Friction against the strength of the resulting successful plans
Figure 5.22: Success rate of friction
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Figure 5.23: Friction against the time taken to plan
values from 0.1 to 0.5 were tested, this range of values spans from poor grasps up-
to very-good grasps. The statistics for each desired strength are plotted against
strength, in Fig. 5.24, success rate, in Fig. 5.25, and time taken to compute,
shown in Fig. 5.26. All three graphs show constant results over the entire range
of values, the conclusion from these is that the desired strength setting has little
effect on the resulting time taken to plan, strength or success rate of the resulting
plans. This may be due to the fact that a spherical object was chosen and that if
a grasp can be accomplished then it will always attain a fairly good grasp. The
consequence of this, when coupled with the fact that the strength is only checked
upon finding the need to backtrack, is that the desired strength will have little
effect on these simple objects. The investigation of the effect of this parameter
on more complex objects is left as future work, however, it is expected that it
will increase the time to compute the grasps but so will the rate of failures and
the strength of the successes.
5.3.2 Analysis of robotic structure suitability towards grasp-
ing
The structure of the robot performing the grasping will have a large effect on
the possible strength of the returned grasp. It has been shown in Chapter 4 that
many small links aid the object identification stage, it will now be determined
whether this is also the case for the grasp planning process.
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Figure 5.24: Desired strength parameter against actual strength attained
Figure 5.25: Success rate of the desired strength parameter
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Figure 5.26: Desired strength parameter against time taken to plan
Three robot configurations were employed to discover the effects that differing
the link length, link size and angular constraint have. The first robot consisted of
20 links of length 0.5m, the second consisted of 50 links of 0.2m and the last was
180 links of 0.05m. This means the total length of each arm is roughly equivalent
and more than enough to completely encircle each object. The angular constraints
of all three arms are varied from a highly restrictive ±pi/18 radians to a relatively
flexible ±3pi/4 radians. All six of the objects are used in this analysis and the
multiple positions and orientations described in section 5.3.1 are also employed.
Lastly, the default parameters described in table 5.4 are used in this analysis.
The strength of the resulting grasps for the three robotic configurations over
the range of positions, objects and angular constraints are shown in Fig. 5.27.
The first trend that can be seen across all of the configurations is that the more
the angular constraint becomes less restrictive, the stronger the grasps that can be
achieved. The second observation occurs when the three different configurations
are compared; increasing the number of links increases both the mean and the
range of the strength of the resulting grasps. This agrees with the hypothesis
that many small and flexible links aid the grasp planning process and therefore
the grasping process as a whole. Four angular constraint values are checked in
this experiment (±pi/18, ±pi/4, ±pi/2 and ±3pi/4 radians) and yet only three of
those values can be seen in Fig. 5.27. This can be explained by looking at the
rate at which the four states occur for the three configurations.
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Figure 5.27: Robotic parameters against the strength of the resulting plan
The rate at which the four different states occur for the different robotic con-
figurations are displayed in Fig. 5.28. For the most restrictive angular constraint,
±pi/18 radians, only failures and time-outs result, this is because not enough links
are available to be able to move around corners. For example, to be able to tran-
sition that arm around a 90 degree turn would require at least 9 links, this is not
possible in this case because the default value of 7 links per transition is being
used. Otherwise, the total number of failures, including time-outs, decreases as
the angular constraint restriction is eased. The difference in failures between 20
links, Fig. 5.28a, and 50 links, Fig. 5.28b, is minimal. The difference between
those and 180 links, Fig. 5.28c, is large, the configuration with 180 links has a
much larger amount of failures. This is due to the positioning of the base link and
the maximum number of links per transition parameter; the maximum distance
the 180 link arm can reach is 0.35m (7 * 0.05m). The cube object stretches ±0.1m
in each direction (this is the largest of the six objects) and the three distances out
from the object’s face were chosen as 0.102m, 0.302m and 0.502m. Clearly, the
distance of 0.502m is too far to reach for the 180 link configuration and instantly
causes at least a 1/3 failure rate. The 0.302m distance may also be impossible
to reach for certain smaller objects. In summary, the maximum number of links
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Figure 5.28: Success rate of the various robotic configurations
parameter must be increased for robots with many small links.
Fig. 5.29 shows the time response for the various robotic configurations. The
time taken to compute the grasps tends to decrease as the angular constraint is
relaxed. This confirms the intuitive fact that increasing the range in which the
joint can move, increases the ease in which transitions can be made. A more
surprising observation can be seen when comparing Fig. 5.29a to Fig. 5.29c, the
time taken to compute the grasps greatly falls as the number of links increases.
This may be caused by the fact that the smaller and tighter transitions that
can be made around corners ease the difficulty in navigating around convex and
concave corners.
5.3.3 Analysis of difficulty in grasping objects
In this section the effects of object complexity are further examined. From Chap-
ter 4 it was found that, of the four complexity measures, both the number of
lines/facets and concaveness measures hinted at a positive correlation with com-
plexity whilst the area ratio hinted at a negative correlation. Those results were
obtained by using the difficulty in determining the object’s shape as a measure
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Figure 5.29: Robotic parameters against the time taken to plan
of complexity, the aim in this section is to see whether the findings remain the
same when using the strength of the returned grasps as an indicator of grasp dif-
ficulty. The default parameters, shown in table 5.3, are used in this investigation
along with the robot consisting of fifty links of length 0.2m. Grasps are planned
for all six of the objects using the multiple positions and orientations described
in section 5.3.1, the resulting strength, success rate and time taken can then be
plotted against the proposed object complexity measures in-order to determine
their correlation with complexity.
The first complexity measure to be examined is the simplistic number of facets.
The strength of the successful grasps against the number of facets in the object
are plotted in Fig. 5.30, there is no definite observable trend as the behaviour
appears quite variable. The rate at which each of the success/failure states occur
against the number of facets complexity measure is plotted in Fig. 5.31. Similarly
to Fig. 5.30, the graph shows a highly variable change between values with no
observable trend. A similar result to that from Fig. 5.30 and 5.31 is found when
the number of facets measure is compared against the time taken, which is shown
in Fig. 5.32. The behaviour is too variable to provide any meaningful information.
Overall, it appears that the number of facets complexity measure is too simple
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Figure 5.30: Number of facets comprising the object against the strength of the
resulting plan
to provide any indication of object complexity with regards to planning a grasp.
The second measure, the sum of angle change (SAC), shows more promise
as an object complexity measure. The strength of the successful grasps against
the SAC measure are shown in Fig. 5.33. As the sum of angle change increases,
the strength of the grasps also appear to increase. This could be a side effect of
the increasing number of time-outs with increasing SAC that can be seen in Fig.
5.34, the time-outs could be removing the weaker grasps that require much effort
to find, this would then increase the overall mean and reduce the range of values.
The fact that the observed maximum strength also increases tends to limit the
size of this effect though, as it would be expected that the maximum strength
should remain the same throughout. Another cause could be that the objects with
a large SAC measure actually have many edges with not too large angle changes
between them, the fact that all these not so large angular changes are summed
causes a large SAC measure. An object that has many facets with little angular
change between them should be quite easy to plan a grasp for as not much effort
will be required to move around those corners. Highly bumpy objects, those with
large numbers of edges with large angular changes, may or may not break this
observed trend, the volume ratio measure may therefore be a better indicator of
object complexity as it can differentiate between those two types of objects with
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Figure 5.31: Success rate of the number of facets comprising the object
Figure 5.32: Number of facets comprising the object against the time taken to
plan
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Figure 5.33: Sum of angle change against the strength of the resulting plan
large SAC values. The effect the sum of angle change measure has on the time
taken is shown in Fig. 5.35, it is quite difficult to discern a consistent behaviour
as the results are too variable. These results agree with the results found in
Chapter 4, the time taken and failure rate both increase with increasing SAC,
which indicates increasing difficulty in finding a grasp and therefore complexity.
The third measure to be examined is the concaveness ratio (CNC) of the
object. The strength of the grasps planned for the various objects are compared
against the concaveness ratio of the objects in Fig. 5.36. Overall the effect of
changing concaveness appears to have little effect on the strength of the grasps,
the cause of the wide range in strengths at a CNC value of 0% is the fact that
three objects contribute to that value.
The success rate compared against the concaveness measure is a different
matter. The results, shown in Fig. 5.37, show that as the concaveness of the
object increases, the number of failures also increases. This demonstrates that
the algorithm finds it more difficult to analyse objects with a large number of
concave elements. This is further confirmed when the time taken to plan those
grasps is examined, see Fig. 5.38. Although the rate of failures increases with
increased CNC, the time taken to plan those falls. This indicates that those
grasps a timing out earlier than those against objects with a lower CNC, which
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Figure 5.34: Success rate of the sum of angle change
Figure 5.35: Sum of angle change against the time taken to plan
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Figure 5.36: Concaveness against the strength of the resulting plan
in turn shows that objects with a higher CNC value are more complex to plan
grasps for.
The concaveness measure therefore appears to be another indicator of com-
plexity. Increasing the concaveness of the object increases the difficulty of plan-
ning a grasp for that object. One suggested method for overcoming this problem
is to simply ignoring the concave elements and instead attempt to wrap around
only the outermost points, however, this is left as future work.
The last proposed object complexity measure is that of volume ratio. The
strength of the planned grasps are plotted against the volume ratio of each of the
six objects they were planned against in Fig. 5.39. A similar, but reversed, result
to that of Fig. 5.36 is obtained. There is no clear trend observable between the
strength and volume ratio.
The rate at which the plans succeed and fail is demonstrated in Fig. 5.40. As
the volume ratio decreases the number of successes also decreases, this indicates
that the complexity is increasing. The time taken to plan the grasps is shown in
Fig. 5.41 and provides no clear indication of object complexity.
None of the complexity measures are conclusive with regards to their utility. It
appears that there is a positive trend that increasing concaveness and sum of angle
change increases complexity, there is also perhaps another trend that decreasing
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Figure 5.37: Success rate of Concaveness characteristic
Figure 5.38: Concaveness against the time taken to plan
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Figure 5.39: Volume ratio against the strength of the resulting successful plans
Figure 5.40: Success rate of the Volume ratio
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Figure 5.41: Volume ratio against the time taken to plan
the volume ratio increases the complexity. A further analysis of a much wider
range of objects is required to confirm findings with the complexity measures
analysed together rather than separately as it may be the case that a combination
of measures provides a clear object complexity. It does, however, appear that none
of those measures is a simple and clear measure of object complexity. This is a
unfortunate because if such a measure existed then an easy manner of determining
the difficulty in grasping a proposed object would exist.
5.4 Summary
In this chapter the second task in whole arm grasping has been considered. It
has been shown that the fixation with finding optimal grasps is a time consuming
and ultimately unnecessary act if one considers that a good grasp is all that is
required and that it is actually quite easy to find just such a grasp. The existing
literature states that a wrench ball grasp strength of 0.1 is good and the research
into optimality performed in this chapter agrees with this. It has been found
that a grasp strength of 0.1 can be found very easily whilst most objects allow a
maximum strength of between 0.4 to 0.7. With this in mind, it has been proposed
that a grasp strength of above 0.1 but less than 0.3 is good, above 0.3 and the
grasp is very good, and the grasp is poor if less than 0.1.
The novel grasp planning algorithm described in this chapter has taken the
opposite route of trying to optimise the kinematics of the arm and its applied
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contacts to the object. The algorithm attempts to obtain the maximum amount
of surface contact whilst minimising the number of links required. The developed
algorithm takes on average 25.1 seconds to calculate a successful grasp with the
heavily unoptimised code and bloated visual interface used, this would be a no-
ticeable pause if used but perhaps not an unreasonable one for some tasks. This
could be vastly improved through the use of optimised libraries and by removing
the visual debug interface. Out of 51030 different simulations carried out, 15350
(30.1%) resulted in successful grasps, this is a very good value when you consider
that a large proportion of the simulations carried out can only result in a failure,
perhaps due to setting the desired wrench ball strength higher than is attainable
for the objects or perhaps because of bad arbitrary choices for the starting posi-
tions and orientations. The main indicator of the algorithm’s success is that the
average strength of the grasps it can plan is 0.3816, this is firmly in the very good
grasp region.
There are several algorithmic considerations that have been found during the
course of analysing the results, the first being the time-out threshold. It is cur-
rently set at a hard value of 100000, which seemed plenty at the time of coding;
however, it has been shown that the time-out state occurs quite often. The aver-
age time spent planning grasps that timed out was 137.8 seconds, which is much
greater than the average time for a successful grasp. If the timed out state does
result in a good grasp then it may be worth spending that time. Further in-
vestigations of whether timed out grasps result in good grasps and are therefore
worth investigation is required, with perhaps a variable threshold level that is
determined by the input parameters. Another item to note was the rate at which
the sufficiently successful state occurred: it did not. This state should just be
removed as it is not required.
The planning algorithm has only currently been applied to planar robots due
to time limitations. Planar robots and indeed manipulators in nature (see section
2.1) are often more than sufficient to perform grasping and as such it may not
be necessary to investigate non-planar grasps. The initial investigation of the
parameter space was not as extensive as perhaps liked; however, a more thorough
investigation of the robotic, object and program considerations would require an
entire research project in itself. However, the initial investigation of the parame-
ters did turn up some interesting conclusions.
Program parameter wise, decreasing the size of the sphere size increment
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parameter was found to provide stronger grasps as it increases the search space,
the disadvantage being that this also increases the rate of time-outs. The number
of time-outs can be decreased by increasing the time-out threshold but that will
increase the amount of time taken to compute the grasps. It was found that the
maximum number of links per transition parameter should be at least five in-
order to be able transition around corners, values above this increased the mean
strength and reduced the range of values. Values of above seven had no additional
benefit. The number of time-outs also increases as the maximum number of links
is increased. A value of five to seven is recommended for the maximum number of
links parameter, although this value will depend upon the relative size of the robot
and object. Friction has an intuitive effect on strength and does indeed only aid
grasping: as the friction increases, the strength of the grasps also increase. The
desired strength parameter had little effect on the resulting grasps as the strength
is only evaluated upon needing to backtrack. Backtracking only happens if the
robot has reaches a dead-end, which will not provide a strong grasp and will not
terminate the search, or the robot has completely encircled the object, which
will probably provide the strongest grasp the algorithm will find. This parameter
could be removed or automatically defaulted to a value of 0.1 to stop unnecessary
further searches.
The findings from the investigation into the effects of link length, link size,
angular constraints and number of links confirms that smaller and more numerous
links with flexible joints can provide better grasps than the alternative. Increasing
the number of links and decreasing the size of those links tends to increase the
strength of the returned grasps. Reducing the angular constraint improves the
strength of the planned grasps and also improves the time-taken to compute them.
Lastly, it was found that objects with a large sum of angle change and con-
caveness measures and small volume ratios had a much greater quantity of failures
and took longer to compute grasps for, this indicates that those measures do pro-
vide an indication of the complexity of an object. This confirms the intuitive
idea that bumpy and convoluted objects that feature concave elements are more
difficult to plan grasps for than regular shapes.
Chapter 6
Summary and Conclusions
In this concluding chapter an overview of the findings of this work is presented.
The novel work and findings will be highlighted and it will be explicitly stated
how and where the research aims were met. Improvements to this work will be
discussed as well as areas of future work.
6.1 Overview of the research
The ability to grasp objects has been identified as an often used and highly useful
ability in nature. The relative increased strength and robustness of whole arm
grasping makes it the ideal method of restraining an object in many different
applications. The whole arm grasping problem has already been broken down
into subproblems in the existing literature but no consensus or agreement about
the subproblems exists. In this work the tasks have been taken to be: identifying
the object, planning a grasp, moving into position and compensating for exter-
nal forces. In this thesis the first two out of those four components have been
considered.
In Chapter 2 existing methods for representing, modelling and assessing grasps
were identified. Methods for finding grasps with independent contacts were also
assessed in the hope that they might be applicable to the whole arm grasping
problem but with no success. The review of the existing literature in regards
to whole arm grasping was found to be severely lacking in any comprehensive
approach to the problem. The existing bodies of work also made use of a wide
variety of assumptions that greatly reduced the difficulty of planning and attain-
ing grasps at the expense of their utility.
Chapter 4 took on the first problem of identifying the object that is to be
grasped. Two novel methods that worked in cooperation were developed that
allowed even simplistic robots the ability to identify the position, orientation and
shape of a previously unknown object. The algorithms optimal parameters were
found through experimentation. Additional methods of employing the algorithms
were also demonstrated that increased the overall accuracy of the modelling pro-
cess.
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Chapter 5 on the other hand took on the more difficult second subproblem of
planning the whole arm grasp. It was firstly shown that the fixation with finding
optimal grasps present in the existing literature is a waste of resources, a good
grasp can be found in a small fraction of the time and still provide almost all
the strength of the optimal grasp. A novel method was then described that can,
for any serial chain manipulator and any object (curves being approximated by
many facets), successfully plan very good grasps.
The remaining two subproblems have not been considered in this work but,
for those interested, would not pose too much difficulty in approaching. The third
subproblem of attaining the planned grasp is a more classical robotics problem -
that of path planning. A path must be planned such that the only contact between
the object and robot is that of at the final resting position. The calculated
trajectory should also not pass through the object. The last task of compensating
for external forces has been attempted by some researchers with success such as
in Liu’s work (Liu, 1999).
6.2 Assessment of the research objectives
The objectives of this work are described in section 1.2.1, the objectives will now
be re-iterated and it will be stated how and where those objectives were met.
Research and assess existing representation and quality measures of
grasping for applicability to whole arm grasping. The existing methods
of representing objects are discussed in section 2.2, it was found that the repre-
sentation method commonly used in the finger-tip grasping literature, described
in section 2.2.1, is also perfectly suited to representing whole arm grasps. There
are many quality measures used in the existing literature and these are discussed
in section 2.2.2. Many of the measures are found to be quite arbitrary and of
limited use. The wrench ball measure is found to be the most commonly used
measure and that it provides the best measure of the strength of a grasp.
Develop a grasp quality measure if no existing measure is suitable.
In section 2.2.2, the wrench ball measure was found to be perfectly suited at
quantifying the strength of a whole arm grasp. No further action was therefore
required.
Research methods of robotic control that can be used to position
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redundant manipulators, whilst also having a controlled dynamic be-
haviour when transitioning between free space motion and contact be-
tween objects. Common methods of controlling robots are described and dis-
cussed in section 2.7. The following conclusions were made: impedance control
produces the most controlled and predictable motion when contacts are expected
to occur, PID control is the easiest to implement but the least accurate and re-
liable, and forms of inverse dynamics allow highly precise positioning but their
contact behaviour is not guaranteed. It was further shown in section 4.3.1 that
a feed-forward inverse dynamics controller with stabilising linear control does in-
deed provide accurate positioning but also a predictable torque response upon
contact. This method of control, along with a method similar to impedance
control, were employed in this work due to their reliable contact behaviour.
Research, develop and test a method for encircling an object that
can attain contact information regarding the object being grasped.
Several reactive methods of encircling an object were found to exist from the
review of the literature (section 2.4). It was found, after examining them in
section 4.1, that each had difficulties that meant they could not be used within
this work. A novel method of encircling the object to gain contact information,
called an Octograsp, was therefore developed and described in section 4.1. The
experiments and simulations throughout Chapter 4 demonstrate that the method
can attain sufficient contact information, this is demonstrable by the accurate
models that can be produced from the contact information by the inverse convex
hull algorithm.
Research, develop and test a method for accurately discovering the
shape of an object from contact information. Section 4.2 and 4.3 have
described and tested the inverse convex hull algorithm, the purpose of which is
to use the contact information provided by the Octograsp algorithm to build an
accurate model of the object being contacted. In an ideal case, where the ma-
nipulator has many small links, a model can be produced with an accuracy error
as little as 3.1%, this is shown in section 4.3.4. The algorithm allows reasonable
models to be produced even when the manipulator consists of only a few large
links. This is demonstrated, in section 4.2.6, by the fact that a robot with only
four large links could produce models with only 26% error.
Analyse the difference between finding good and optimal grasps
with respect to the strength of the grasp and time taken to plan. From
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the literature, section 2.3.2, good grasps were found to be those with a strength of
above 0.1 and the findings from this work supports that. Exhaustive experiments,
that compared the time taken to find grasps that have a quality of either ‘good’ or
optimal, were carried out in section 5.1. The time required to find optimal grasps
were found to be many orders of magnitude greater than finding ‘good’ grasps.
It was also demonstrated that grasps with strengths approaching the strength of
an optimal grasp can be found in a fraction of the time. Requiring a grasp with
optimal strength is therefore an unnecessary perfectionism.
Research, develop and test a method that can plan good/optimal
whole arm grasps. Existing methods for finding whole arm grasps were found
to be lacking, either because they require complex actuators or sensors, or because
they use restrictive assumptions. A new planning algorithm has been described
in section 5.2 that can plan a grasp for any snake-like robot as specified by the
Denavit-Hartenberg convention. Due to the results of the optimality study, the
work towards this objective aimed for good rather than optimal grasps. The
whole arm grasp planning algorithm has been tested in section 5.3 on a variety
of shapes for a variety of robot configurations. It was shown that 15350 out of
51030 attempts at planning a grasp resulted in a grasp, which is good when the
fact that some tests were automatic failures due to certain combinations of the
robot, position, orientation and/or object being grasped. The mean strength of
the successful grasps was 0.3816, which is firmly in the very good region.
Research design considerations that affect the performance of a
whole arm grasping robot. It was theorised from the work in Chapter 4
that manipulators with large numbers of small links would gain strong grasps,
this was confirmed in section 5.3.2. It was also found that having a flexible robot,
i.e. one that has relaxed rotational constraints, eases the difficulty with which
grasps are found. The effects of object complexity on the accuracy of the object
model were considered in section 4.2.4, whilst the effects of object complexity
on the grasp planning difficulty is analysed in section 5.3.3. Several measures of
object complexity were proposed. Although several measures gave indications of
object complexity, none provided conclusive measures of complexity. It was found
that the complexity tended to increase as the object becomes more ‘bumpy’, i.e.
the number of concave elements and sum of angle changes between facets in-
creases, and the ratio between the actual volume of the object and its convex hull
decreases.
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Developed algorithms must not require complex actuators or sen-
sors. All of the described methods and algorithms do not require any complex
actuators and sensors. As described in section 4.1, the Octograsp method of
encircling requires only basic rotational actuators (motors) and angular sensors
(potentiometers). The remaining algorithms process the information supplied by
the Octograsp algorithm and do not add any additional requirements.
Developed algorithms must run in real-time or near real-time. There
are three algorithms described in this work: Octograsp, inverse convex hull and
the whole arm grasp planning algorithm. The Octograsp algorithm gains con-
tact information as it contacts the object in real-time, a sampling time of 0.002
seconds was used in the experimental hardware (section 4.1.1). The time taken
to calculate the shape of an object is proportional to the discretisation level pa-
rameter and the number of facets of the object. In the 2D case, a square object
analysed with a discretisation level of 100 took only 10ms to compute the model,
which is effectively real-time. The slowest algorithm is the whole arm grasp plan-
ning algorithm, which took, on average, 25.1 seconds to compute a grasp. Whilst
this speed is not currently real-time nor near real-time, it could be improved to
at least a near real-time by using the proposed optimisations described in section
6.3.
Developed algorithms must make use of a minimum of assumptions.
The assumptions commonly used in the literature are described and discussed in
section 2.8. The assumptions are used to simplify the grasping problem but they
also limit the type of manipulators that can use the work. The only assumption
made in this work that limits the range of robots that can use this work is that it
is aimed at snake-like robots; this was chosen as more complicated manipulators,
such as hand-like configurations, can be treated as multiple snake-like robots
working cooperatively. The cooperative elements were not a research concern
and is therefore left as future work. Due to time constraints, the robot was
modelled as a line rather than having a width in the grasp planning algorithm.
The effects of this decision are that the collision detection algorithm is simpler
that it would otherwise need to be, which reduces the time required to find a
grasp; however, stronger grasps will result if the width was considered as more
surface contact will result, see section 5.2.2.
Developed algorithms must only minimally disturb the object from
its initial position. The amount of disturbance depends upon the level of
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sophistication of the robot and the weight difference between the robot and object.
Disturbances of only 2mm per encircling attempt to the object were common
with the experimental robot, which is impressive when the fact that it is 40 times
heavier than the object is considered. Larger disturbances can and indeed do
result but methods of reducing the likelihood and amount of disturbance are
discussed in section 4.2.6.
6.3 Improvements and Future work
Based on the work described in this thesis there is some follow-on work that
should be completed in-order to fully check the capabilities of the system. One
piece of work should be to fully test the Octograsp algorithm in 3D. It was stated
that the Octograsp algorithm will work in 3D, but the demonstration of this
has not occurred due to the experimental equipment being unable to operate
against gravity. Further work should be accomplished experimentally to show
that through systematic movements of the arm in 3D space it is possible to build
a 3D picture of the object. Another set of areas that were only lightly touched
upon, but could be an entire research project on their own, was the research into
object complexity and robot design. Both of these approaches could benefit from a
more exhaustive investigation into their effects and benefits. Lastly, the planning
algorithm ignored the effects of the arm’s width and breadth as it represented
the arm as a line for simplification reasons. This is obviously not how robots are
in real-life and so extensions to the planning algorithm to take this into account
are necessary. This would likely change the results slightly: grasps that used
concave elements in concave objects might no longer be able to do so, it will be
more complex, and therefore more time consuming, to calculate transitions, but
the overall strength of the grasps should increase as the manipulator will be able
to provide more surface contact.
There are also several areas for further improving the described algorithms
and methods that have the capability to further improve upon the search speed
and/or the accuracy of the strength of the returned grasps. One such change
that could made to the Octograsp encircling algorithm is to change the manner
in which the object is contacted. Upon contacting the object as normal, the
contacted link should be identified and a new routine executed that attempts to
bring the rest of the arm flush into contact with the face of the object. As it
is, the contact point tends to be a distance down one link and, when the rest
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of the arm is brought into contact with the face, it forms a triangle of empty
space between the object and robot. This empty space increases the area error
and is undesirable. It would also be desirable to have some ability to account for
the object movement due to disturbance during the encirclement procedure. The
disturbance due to contacts is one of the major sources of error and if it could be
accounted for the accuracy of the resulting system would greatly improved.
The speed of the planning algorithm could be greatly improved if the newer
CPU functions were made use of. These would be the multi-core and SSE func-
tions. Many newer PCs have, instead of increasing the speed of singular CPUs,
added additional CPUs, it is now common to have around two to four CPUs in
each PC. Carefully crafting the algorithm into a form that could be run in parallel
would improve the speed of the search by factor equal to the number of cores.
Likewise, SSE allows for improved speed of calculation, also through parallelisa-
tion, and can improve the speed by a factor of 8 (Djeu et al., 2009). Combining
these approaches could improve the speed of search by 16 to 32 times. This would
lower the average time to calculate grasps from 25.1 seconds to only .78 to 1.6 sec-
onds, which is near real-time. There are additional areas of improvement to the
algorithm, such as using optimised matrix manipulation libraries and optimising
the algorithm itself, that could make this algorithm operate in real-time.
Lastly, another minor improvement may be to change the method of represent-
ing the object to a more accurate method. Currently, the representation scheme
used is polygonal based as the resolution of the data returned from the encircling
method is quite coarse. In the future it may be beneficial to upgrade the rep-
resentation scheme such that curved surfaces can be exactly modelled instead of
approximated.
6.4 Conclusion
Whole arm grasping has been identified as a useful ability for a robot to be able
to perform, yet the existing literature and interest in this area is not as extensive
as the alternative approach of finger-tip grasping. This leaves robots unable
to perform whole arm grasping as the current approaches require non-commonly
available technology or assumptions that are too restrictive. This thesis describes
work that has remedied these problems by developing methods that require only
the most basic hardware and the smallest set of assumptions yet. The developed
methods are unique in that no external sensors are required at all, this effectively
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allows blind manipulators to ‘see’ the object to a degree where a grasp can be
planned for it. Of the four problems associated with whole arm grasping, two of
them have been considered in their entirety in this work.
It has been demonstrated in this work that relatively accurate models of ob-
jects can be obtained using the novel methods described, even from the relatively
coarse information provided by the experimental equipment. The accuracy of the
results for the best approach was only 26%, which is quite impressive when the
fact that the experimental equipment only had four joints and four links is consid-
ered. It was demonstrated that ideally whole arm grasping manipulators should
be light and consist of many small links. This was demonstrated by the large
improvement in accuracy error (only 3.1% accuracy error in the best case) when
exploring the object using a simulated robot with fifteen relatively small links.
The parameters of the inverse convex hull algorithm have been analysed and op-
timal values found, Aexp should be between 0.04 and 0.1 whilst the discretisation
level should be at least 100 points but less than 300. Two methods of improving
the modelling accuracy by combining contact information from multiple positions
and orientations has been described. It was found to be very advantageous to
physically move the manipulator around the object, this increased the amount of
new contact information whilst minimising the disturbance to the object. Moving
the manipulator into four positions improved the accuracy error by between 56%
to 86%. A secondary method of altering the angle at which the base link posi-
tioned itself also provided an modest decrease in modelling error of between 11%
and 17%. It was also found that concave objects cause trouble for the algorithms
but that exploiting the concave elements is unnecessary and as such they could
be ignored. In some cases they will have too be ignored anyway as the robot may
be too large to investigate and exploit them.
A novel grasp planning algorithm has been described that can find very good
grasps for a wide variety of objects and snake-like manipulators. The grasp
strength returned by the algorithm is very good with the mean strength being
0.3816. The grasps are found in a mean time of 25.1 seconds, which is fast when
compared with the hour taken by Pollard’s method (Pollard, 1997). The various
algorithmic parameters have been analysed to determine their optimal values.
It was also shown that having manipulators with many small links that have
relaxed angular constraints can attain the best grasps. For instance, changing
from a manipulator with 20 links of length 0.5m to 180 links of length 0.05m
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improves the strength of the grasps by 40%. Similar results are obtained for the
angular constraint, improving the constraint from being able to rotate only pi/4
radians to the flexible 3pi/4 radians can improve the strength by 99%.
The novel aspects of this work can be explicitly stated as:
• being able to model an object using tactile information alone,
• being able to plan ‘good’ whole arm grasps for snake-like manipulators,
• consideration of optimal versus ‘good’ grasps,
• the developed methods do not require sophisticated and/or non-commonly
available actuators or sensors as in the existing literature,
• the developed methods do not make use of restrictive assumptions as in the
existing literature,
• the examination of the effects of both robot and object structure on the
modelling and grasp planning process.
Overall, the work described in this thesis has managed to successfully complete
all of the objectives set out at the beginning. The work allows serial chained
manipulators to get to the point where the object to be grasped has been identified
and a good grasp has been planned for. With a little work using the existing work
in the remaining two areas, algorithms that encompass the whole of the whole
arm grasping problem can now be built.
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Appendix A
Independent contact shapes
1) 2)
3) 4)
Table A.1: 2D shapes used for optimality study, shapes 1 to 4
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5) 6)
7) 8)
9) 10)
Table A.2: 2D shapes used for optimality study, shapes 5 to 10
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11) 12)
13) 14)
Table A.3: 2D shapes used for optimality study, shapes 11 to 14
Appendix B
3D objects used for whole arm grasp
planning
1) 2)
3) 4)
Table B.1: 3D shapes used for researching planned grasps, 1) cube, 2) sphere, 3)
pyramid, 4) star
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5) 6)
Table B.2: 3D shapes used for researching planned grasps, 5) T, 6) Y
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Abstract— In this paper two novel methods of encircling
objects for the purpose of grasping them are demonstrated
and compared. Firstly, a method that does not require in-depth
models or sophisticated external sensors is described. Such a
method does have its disadvantages such as requiring tuning on
the part of the operator to work correctly. Therefore, the paper
also describes a new method that plans where the manipulator
should contact the object such that the surface area of contact
is maximised. It has been shown that it is possible for the
pre-planned method to gain a grasp that is significantly better
than the reactive method and overcomes the shortcomings of a
particular robotic manipulator configuration.
I. INTRODUCTION
A grasp is an application of forces to an object that
constrains the object to a desired position. When a human
grasps an object that is small or requires precise contacts,
they tend to use only the finger-tips of the hand to apply
contacts. For larger objects, or for a firmer grasp, the
entire surface of the hand is used to apply the contacts.
Napier [1] describes the two types of grasp as precision
and power grasps respectively. The increased strength and
reduced precision of the power grasp is due to the increased
number of contacts; the more contacts that can be applied to
the object the more redundancy there is available and hence
the grasp will be better able to resist external disturbances
and minor errors in positioning the contacts. The equivalent
in robotics is finger-tip and whole arm grasps respectively.
The literature up to now has mainly been concerned with
finger-tip grasping [2]–[4]. Early work on robotic whole arm
grasping started in 1988 [5], but has not received much
interest until recently. Encirclement, although not a common
term in the literature, is used in this paper to denote the
process prior to the application of forces to the object where
the manipulator is moving into contact with the object.
Robots that grasp using the finger-tip method typically
use an end-effector, but the span of an end-effector limits
the size of the object that can be grasped. When using
whole arm grasping the ratio of object size to robot size
is larger thereby offering a better grasping efficiency [5].
This advantage is useful in many applications especially
those involving hazardous environments such as search and
rescue, underwater and space exploration [6]. However, the
method suffers from kinematic constraint problems where the
position of subsequent contact locations applied to the object
are constrained by the coupling between the joints of the ma-
nipulator. The kinematic coupling is a consequence of robots
having links of a set finite length and revolute/prismatic
joints that can only rotate/slide in certain directions by finite
amounts. Due to the kinematic constraints it is not a trivial
task to plan a whole arm grasp. This paper will show that it
is possible and that the plan will allow for stronger grasps.
It is important to consider the existing body of work
regarding finger-tip grasping for application to whole arm
grasping. There are two methods for finding finger-tip grasps:
specific locations or region methods. Ding et al. [3] describe
a specific location method where a particular combination of
contact positions is chosen as the strongest grasp. Cornella
and Suarez [2] describe a method that find regions on the
object where any set of points in the regions corresponds to
a grasp. Both approaches have their advantages, the region
methods allow for increased choice and increased stability
as fingers affected by positioning errors are more likely to
remain in a region that still allows for a grasp. On the
other hand, the region methods may not produce as strong
a grasp as methods that return robust grasps tend to reduce
the strength of the grasp and vice versa [7]. Methods that
can handle a larger number of fingers have been developed
[8] and further research has analysed an arbitrary number of
fingers on 3D objects [9]. Methods that attempt to speed up
the process [4] of finding a grasp have also been developed
as the process is often slow due to the size of search
space involved. The discussed methods are not suitable for
application to whole arm grasping due to the large number of
contacts, which increase the search space dramatically, and
also because of the difficulty in incorporating the kinematic
constraints. Alternative approaches are therefore required for
planning whole arm grasps.
There are four stages to the whole arm grasping process,
object identification, planning a grasp, attaining the grasp and
optimising applied contact forces [10]. Encirclement can be
used both to identify the object through touch sensors and
to attain a desired grasp. There are various existing methods
for accomplishing various parts of the whole arm grasping
process, but each have their own special components that
limit their use. Reznik and Lumelsky [11] require a full force
sensitive skin to perform encirclement which increases the
cost and also makes it an impractical method for modular
robotics. Whereas Braganza et al. [6] requires a model of the
environment instead of sophisticated sensors. Their method
tightens the manipulator’s length around the object’s shape
in a circular manner and as such, concave elements of the
object will not be used even when they may provide a strong
grasping position. Pollard [12] describes an example of grasp
planning, but this approach requires a good grasp to begin
with and then attempts to search for an optimal grasp from
there. Finding the initial grasp is a difficult problem on
its own. Pollard’s method is also computationally expensive
taking an hour to calculate a grasp on a Single Instruction
Multiple Data (SIMD) machine with 8000 processors. An-
other approach [13] requires tactile sensors that can measure
the force over the surface of the manipulator. This method
makes contact with the object and detects the direction in
which the fingers should move in order to improve the
grasp quality, this is a form of gradient descent algorithm.
This method will therefore have the usual drawback of such
algorithms; local minima. The necessary grasping and re-
grasping is also going to be a slow process.
This paper describes two new methods, one pre-planned
and one reactive, for achieving whole arm grasps. Both
methods are quick and can be carried out by current day
technology with no special requirements such as special
sensors. The pre-planned grasp analyses the object to be
grasped and decides where the contacts should be placed
before any action is carried out. The reactive grasp does
not pre-plan a path, instead it gains contacts as they occur
during a wrapping based movement. The reactive method
demonstrates that a full force sensitive skin or a complete
model of the object is not required. The pre-planned method
then demonstrates that by planning the grasp it is possible
to overcome the disadvantages of the reactive approach.
The remainder of the paper starts with a brief description
of the common method of representing grasps and the quality
measure that will be used. Section III considers how reactive
encirclement can be achieved and its advantages. Finally,
section IV shows the pre-planned method that improves upon
the reactive method enabling much more surface contact
between manipulator and object. The contacts gained in
both methods are evaluated and compared to show the
improvement between the approaches.
II. PLANNED FINGER-TIP GRASPS
Of the different types of contact model that can be used
[14], the hard finger contact model has been employed here.
This means that contacts have lateral friction but no rotational
friction. Two-dimensional objects have been considered in
this work but each method described can be readily upgraded
to consider three dimensions (see section V).
A. Frictional Grasps
At each of the contacts between an object and manipulator
there is a force applied to the object fi. This force causes
a torque τi around the centre of mass. The torque and force
can be combined into a single vector called a wrench, as
shown in (1).
wi =
(
fi
τi
)
=
(
fi
ri × fi
)
(1)
Fig. 1. (Left) Four contact normals (Right) Linearised contact normals
where ri is a vector from the centre of mass of the object to
the contact point i. The set of all wrenches forms the wrench
space. It has been found that if the origin of the wrench space
lies inside the convex hull of the contact wrenches, then the
grasp is force closure [15]. A force-closure grasp is a grasp
where it is possible to generate a wrench that can counteract
any external wrench acting on the object. If the origin is
not contained then there are certain external wrenches that
cannot be countered with contact forces. For a grasp to be
stable any external wrench must be balanced by the contact
wrenches as in (2), Liu [16] has an effective method for
calculating the required contact wrenches.
N∑
i=1
wi + wext = 0 (2)
The previous equations have been written for frictionless
contacts, extending the method to account for friction is
relatively trivial. Instead of using the normal forces to create
the wrench space a friction cone can be placed at the contact
location. The friction cone defines the area in which a force
vector can be applied and the contact will not slip. An
example for four contacts each with a frictional coefficient
of 0.2 can be seen on the right in Fig. 1. All the edge
components of the friction cones can then be used to create
the wrench space (often carried out by linearising the contact
normals into an arbitrary number of segments to represent
the cone [3]) this then shows the range of wrenches that can
be achieved. Fig. 2 shows the convex hull of the linearised
contact normals in Fig. 1. The example grasp is force closure
because the origin is contained within the convex hull.
B. Quality Measure
A grasp’s quality is a measure of its ability to reject all
possible external wrenches acting on the object, one measure
often used being the wrench ball measure [17]. The measure
shows the strength of the weakest direction and is found
by finding the smallest vector from the origin of the wrench
space, to a facet of the convex hull of the linearised wrenches.
The direction of the vector shows the direction in which
the manipulator is least able to reject an external wrench.
The size of the vector indicates the quality of the grasp.
The higher the value the less force the manipulator needs to
apply to resist a wrench applied in that direction. The torques
are often scaled such that the maximum torque a contact can
Fig. 2. The convex hull of the wrenches from Fig. 1
produce is one. This gives a theoretical optimal grasp quality
of one, which in practice could only be achieved by grasping
a circle/sphere and achieving full contact on all surfaces.
The unfortunate drawback of wrench ball method is that it
does not give any indication of stability. If a method simply
attempts to maximise the measure, then points on extremes of
facets are chosen. This risks the possibility of unstable grasps
due to positioning errors, which may place contacts past
edges thereby drastically changing the grasp. This problem
is mitigated using whole arm grasping as the idea is to apply
lots of contact, which provides more redundancy in the grasp.
III. REACTIVE WHOLE ARM GRASP
The encirclement method shown in this section can only
sense the angle of its rotational elements and has no knowl-
edge of either the position, shape or size of the object to
be encircled. Generating a reactive grasp will be carried out
by encircling around the object in the same manner as an
octopus [18]. The octopus grasps by connecting with the
object a small distance from the distal end of one of its arms.
The octopus then progressively brings more proximal parts
of the arm into contact. The octopus arm has an amazing
amount of redundancy, but only moves its arms in elegant
movements that make good use of its flexibility [19]. This
takes the form of waves of movement that progress along
the arm of the octopus. A method inspired by the octopus’s
grasping movement will now be described.
A. The hardware
A modular six link planar robotic arm shown in Fig. 3
was built as a test platform for the reactive method. The
arm is made up of six modular components each containing
a DC electric motor, gearbox and potentiometer for angular
measurements. There are no sensors measuring external data,
only the internal position sensors. More modules can be
added or removed due to the modular nature of the arm. Six
was chosen as a reasonable number as its length is enough
to wrap around a variety objects. The justification for not
using sensors is two fold, firstly to see if it is possible and,
secondly, to keep the cost of the hardware down.
A means of measuring the object’s position was created
by using a camera to record the robot and object during
Fig. 3. Hardware setup of the six link planar robot
the period of grasping. Image processing techniques are
then employed to extract the object’s horizontal and vertical
position and angular rotation. The position and angle over
time is stored and can be used to view how the contacts
made during the encirclement process affect the object. An
example output can be seen in Fig. 4. This process is used
purely as a quality measure not as any part of the feedback
loop with smaller disturbances to the object indicating better
performance.
B. Octopus grasping
The aims of this method are to be able to encircle an object
with minimal disturbance to that object and without any
models of the object or external sensors. It is accomplished
by using an open loop model reference controller. The
controller monitors the error in the joints angular position,
with larger than anticipated errors indicating that an obstacle
has been hit. The difficulty is to not set the error difference
too high, or the object will be disturbed, or too low, such
that the arm perceives its own movement as an obstacle.
The method has three steps, the first step is the initiali-
sation step; the links are straightened out ready to be swept
around the environment. The second step sweeps the arm
around the entire environment using the most proximal joint
to do the work, the other more distal joints continue holding
out straight. As soon as any joint error breaches a threshold
set by the user, then contact is assumed to have occurred and
step three is initiated. In this step each joint moves towards
the object, the more distal joints move at a slower rate then
the proximal ones. This ensures that the proximal joints
contact that object first but still allows for more efficient use
of all joints. When a particular joint error is too high then
either it or a more proximal link has contacted the object. The
joint then stops demanding an incremental movement change
and instead maintains its current angle. Once all joints have
finished moving the manipulator has encircled the object.
This method has several obvious drawbacks evident from
the start: the need to correctly specify the number of links,
no guarantee of encircling the object satisfactorily, and the
possibility that unusually high errors in joint angles will
cause spurious indications of contact. The last condition was
not found to occur that often due to the implementation of
noise filters on the angular sensors that removed much of the
larger spikes of noise.
Fig. 4. Disturbance to the object during encirclement
Fig. 5. A) Start, B) end of step 1, C) end of step 2, D) final grasp
C. Applying the method
The method has been used to encircle a variety of objects
that range in weight from 37g to 80g, with encirclement
occurring in each case. An example will now be described.
A cube of width, height and depth equal to 0.08m, weighing
0.08kg was the object to be grasped. Fig. 4 shows that
the manipulator takes a relatively short amount of time to
encircle and that the object was disturbed by only 4.4mm
and 0.1 radians. This is a small energy transfer considering
the manipulator weighs 1.2kg or about 15 times as heavy as
the object. The points A to D in Fig. 4a correspond to the
frames A to D in Fig. 5. Frame A is the initial state before
the method has begun, whilst frame B is taken at the end
of the initialisation step 1. Frame C shows the first contact
that occurred during step 2, when the arm was sweeping the
environment. Finally, frame D shows the final encirclement
attained. It is not surprising to see in Fig. 4b-d that each of
the three contacts result in the three major disturbances.
It is clearly possible to encircle an object without the need
for a full force sensitive skin or a complete model of the
environment, but this method also has its drawbacks. These
can be best summarised as the fact that a force closure grasp
can not be guaranteed and that undesirable disturbances to
the object may occur. The fact that the method is quite
elegant may compensate for these disadvantages, but in most
cases the fact that a force closure grasp cannot be guaranteed
before-hand is a big disadvantage. Planning out the grasp
will help overcome these disadvantages and so a method for
planning a whole arm grasp will now be described.
IV. PRE-PLANNED WHOLE ARM GRASP
The pre-planned method solves a similar problem to that
of geometric constraint solvers in Computer Aided Design
(CAD) applications [20]. Given a rough drawing of a shape
that contains geometric constraints, for example segment
lengths or angles between segments, a geometric constraint
solver attempts to produce a final sketch that enforces
all the constraints. In whole arm grasping the constraints
are the link lengths of the manipulator and the maximum
rotation that each joint can move through, the object’s shape
would be the rough shape that needs to be drawn around.
Unfortunately, geometric constraint solvers need a precise
number of segments to be specified, whereas there is more
uncertainty in whole arm grasping as it is unknown how
many links will be required to grasp the object.
An important point Bouma et al. [20] make is that there
are a number of possible drawings that could be made from
the same constraints and the most relevant to the user needs
to be chosen. This occurs for whole arm grasping as well.
The method has been written to maximise the amount of
surface contact between the manipulator and the object.
The pre-planned method is a back-tracking algorithm.
The method attempts to find valid connections between its
current location on the object and a location further around
the perimeter of the object. A connection is valid if the
manipulator can move between the two points with a positive
integral number of links and without breaking the rotational
constraints of the actuator. A connection between two points
is attempted with increasing number of links until the number
is greater than a user specified maximum or a connection is
successful. If no connection can be made a point a discrete
distance further along the perimeter of the object is chosen
and the process is repeated. If the distance becomes greater
than the distance the maximum number of links can reach
then the current position results in a situation where no
further connection can be made. In this situation the method
back tracks to the previous point and the analysis carries on
from where it previously finished. If a situation is found
where the method can transition between the two points
whilst enforcing the constraints, then the method records the
transition, makes the proposed point the current point and
analysis begins again. This process continues until either the
algorithm has planned a path around the entire circumference
of the object or it backtracks beyond the start. In the failure
case the method returns the path that achieved the greatest
distance around the object. There is often an infinite number
of ways in which a manipulator can transition between two
points. Therefore, this method uses a method that tends
to reduce the magnitude of the joint angles making the
joint constraints easier to enforce and reduces the choice of
transitions to search. The method spreads the angle change
Fig. 6. (Left) Path of reactive method (Right) Pre-planned path
evenly between the number of links being used. This results
in regular geometric shape-like transitions as can be seen in
the pentagon-like shape in the top left of Fig. 7. The user
specified maximum number of links reduces the size of the
search space by limiting both the distance to check and the
number of possible transitions. Five links was found to be
more than sufficient for most cases unless the constraints of
the arm are particularly restrictive.
A. Discussion and comparison
The method was applied to various objects and for ‘easy’
problems the method finished in under two seconds; where
an ‘easy’ problem is where either the link length is small, the
maximum rotation is large or both. More difficult problems
took longer, typically 6-8 seconds with the most difficult
problems taking five minutes. The method was implemented
in Matlab on a dual-core 3GHz machine with 1Gb of RAM
running Microsoft Windows XP.
The priorities of the method can be changed, such as
to minimise the number of links used, by simply moving
the ordering of the checks within the method such that the
outermost search is the number of links that can be used to
pass between two points. The method then favours expansion
of distance over using more links.
Although both methods described are not currently full
grasps, as they do not consider the forces involved, they
can still be analysed to see their potential strength. The
contacts resulting from the reactive encirclement were pro-
cessed with the wrench ball method in section II-B, the
same object encircled with the pre-planned method was also
processed using that method, the results are shown in table
I. Fig. 6 shows the reactive method’s path (left) and the
resulting planned path (right), the object’s dimensions and
robot constraints are identical. In this case the link length
is 54mm and the maximum rotation is ±90◦. For added
measure a grasp was also planned for a more complicated
object and analysed to show the benefits of decreased link
size, even if the manipulator has a more restricted maximum
rotation for each joint. The resulting encirclement is shown
in Fig. 7. The grasps were analysed by making use of
a contact simplification [14] where line contacts can be
represented as two point contacts. The frictional coefficient
of the equipment setup has been underestimated as 0.2 as
friction only aids grasping [21].
TABLE I
COMPARISON OF RESULTS
Method Shape Strength
Reactive Square 0.0931
Pre-planned Square 0.2482
Pre-planned H 0.7628
Fig. 7. H shape, link length = 0.5, max. rotation = 80◦
Although neither result is strong, the pre-planned method
results in a much stronger grasp and overcomes the tough
problem of large links in relation to the object side lengths.
It is clear from the results of the pre-planned method applied
to the H in Fig. 7 that small links can provide an extremely
good grasp. Further examples of output from the pre-planned
method are shown in Fig. 8 and 9. The figures are non-
dimensional being only virtual objects but their geometric
details are shown with the figures. Fig. 9 further shows the
advantage of small links, it can be seen that even though the
maximum rotation is very restricted at ±45◦, the fact that
the link length is very small in comparison with the object
size more than compensates for it. The resulting strength of
this grasp would be very great, much greater than could be
supplied by conventional finger-tip grasping methods.
It may seem unfair that the pre-planned method had the
use of more links than the reactive method but adding more
links would have been detrimental to the reactive method.
The extra links would have caused the manipulator to contact
with itself causing an even more unsatisfactory grasp. This
highlights the need for extra supervision if the reactive
method is employed to ensure that the manipulator can
actually perform the grasp. Similarly, each method starts at
different positions, this was allowed due to the pre-planned
method not being able to start analysis in the same position
as the reactive (see section V for more details).
V. CONCLUSIONS AND FUTURE WORK
It has been shown in this paper that neither sophisticated
sensors nor models of the environment are required to
encircle a stationary object, and that a grasp can be achieved
in the absence of such information. However, these grasps
can be further improved upon by the addition of a model
and by planning a grasp which can exploit the object’s
Fig. 8. T shape, link length = 0.5, max. rotation = 80◦
shape. This will allow the planned grasp to overcome any
difficulties caused by the robotic structure. The example
shown in section IV-A demonstrates that planning a grasp
can provide a grasp 2.5 times as strong as not planning. It
has also been demonstrated that it is possible to encircle an
object with minimal disturbance to that object.
The pre-planned method appears to require more links to
attain a grasp than is necessary. This is due to the algorithm
not currently being able to handle the special case of contacts
at convex corner locations of the object partway along a link.
This is not such a problem as such contacts would restrict the
amount of surface contact between manipulator and object.
Also such a contact is poor because minor positioning errors
can cause a major difference in the dynamics of that contact
potentially making it unstable. However, further work will
be applied to handle this type of contact for completeness
sake and for situations where limited number of links are
being used.
The work accomplished here is part of an ongoing project
that concentrates on being able to perform whole arm grasp-
ing. As such several developments will be made most notably
the implementation of the planning method shown in section
IV onto the same experimental hardware as that in section
III. It will then be possible to show for definite the benefits
of whole arm grasping. The six link planar robotic arm will
be improved with the addition of torque sensors to each
module. The torque sensors will complement the angular
position sensors and allow for more sophisticated control.
The methods will also be upgraded to consider 3D objects.
Lastly, the reactive method will be used in conjunction with
the pre-planned method. The reactive method will be used
first and the contacts made during that step used to generate
a picture of the object that is being grasped. The pre-planned
method can then be applied to this picture to gain a more
robust grasp. This then removes the need for a pre-supplied
model of the environment.
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Abstract—In situations where generating in internal repre-
sentation of an object’s shape can not be carried out via visual
methods, such as in low light conditions or due to a hardware
fault, an internal representation of the object must be built
from tactile information alone. Existing methods for doing so
rely on the availability of a complete force sensitive skin. The
work described in this paper shows a method that requires
no such equipment and in fact requires no external sensors at
all. The method demonstrates that an accurate representation
of the object can be built with the accuracy depending on
the number of attempts at contacting the object. This internal
representation of object can then be used for other tasks such
as planning grasps.
I. INTRODUCTION
Whole arm grasping is an extremely useful ability that
we as humans use near constantly to interact with our envi-
ronment. There are multiple stages to the grasping process
[1]:
1. Object recognition
2. Grasp planning
3. Initial touch and grab phase
4. Stable grasp phase
The work described in this paper focuses on the first
stage, object recognition. Humans and indeed animals use
a combination of tactile and visual information to decide
the best manner in which to grasp an object. There are
various methods of analysing visual data in order to extract
an object’s shape. Chinellato et al. [2] have a biologically
inspired approach, they generate, from an initially supplied
rough 3D estimation of the object’s shape, a more refined
estimation using an octree based reconstruction algorithm.
Hoppe et al. [3] can generate a very good estimation of
an objects shape from a set of unorganised point data. The
point data can be supplied from a variety of sources such as
laser range finding or feature extraction. Local groups of the
unorganised points are used to generate indications of the
tangent and normals at those positions. This is repeated over
the entire surface of the object. From this data a manifold
of the object’s shape is produced. The level of complexity
of both these examples is quite large. We shall see that
the proposed algorithm in this paper requires much less
complexity both in algorithm design and data analysis.
So there exists quite competent methods that can deter-
mine an objects shape from visual data but what happens
if the robot is put into a situation where it can no longer
see? Whether because of a fault (e.g. broken camera) or
because of external factors (dense smoke, lack of light). In
these situations reliance on a purely tactile input is necessary.
Existing approaches that use tactile information to provide
information regarding object shape use the assumption that
a force sensitive skin covers the entire surface of the ma-
nipulator [4] [5]. This skin provides information such as the
location of any contacts and the force between the manipu-
lator and object. This sensing capability would certainly be
useful but unfeasible with current technology [6] and adds
an extra layer of complexity that can be demonstrated to not
be required.
The work shown in this paper demonstrates that an object’s
shape can be determined for grasping and other purposes
from manipulator position information alone. More impor-
tantly it will do so without the need for sensors that measure
quantities external to the robotic manipulator. This means
that the only information available to the controller is the
current angles of the manipulator joints and the size of the
manipulator itself. It is assumed that the object to identify
is within reach of the manipulator, that the manipulator has
sufficient length to wrap around the majority of the object
and that the object is rigid and incompressible.
This paper will now discuss how to calculate the object’s
shape given that the positions of the manipulator’s links
when contact has been made are known. Discussion will
then progress on to how to get such link-contact position
information. The methods will then be applied to objects
and the resulting shapes compared to their originals.
II. EXTRACTING AN OBJECT’S SHAPE
Given that you have a method that can determine the
position of the manipulators links when contact has occurred
between the object and manipulator you can see that the
object’s shape is implied from the absence of link positions
such as in Fig. 1a. The absence in this case implies the
presence of a square. This section describes how to extract
the object’s shape implied by this absence of link positions.
Pi =
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Fig. 1. Steps taken to generate the object’s shape
di(a) = r
−a
i (4)
P invi = di(a)Pi (5)
The procedure to extract the objects shape from this
absence of link positions uses a function called the inverse
convex hull [7]. The inverse convex hull operates on discrete
points so the link positions are first discretised as in Fig. 1b.
The operation can operate on both 2D and 3D data, points
in 2D space being represented as in (1) and points in 3D
space being represented as in (2). A set of points are then
calculated from these points that have their distance inverted
using (5), where di(a) is defined in (4). The ‘a’ parameter
in (4) defines the coarseness of the generated object. ri is
the distance of point i from an origin point inside the object
and is calculated using (3), where ‘.’ is the inner or dot
product of a vector. Values of ‘a’ from between 0.05 and 0.5
have been tried but throughout this paper a value of 0.2 has
been settled on. Analysis of the performance of the algorithm
under varying values of ‘a’ is still required and is currently
left as future work (see section V-B). Fig. 1c shows the set
of inverted points P invi for the points shown in Fig. 1b, the
inversion means that the points that were originally closest
to the centre are now the furthest away. This allows for the
use of the convex hull algorithm to find the outer most points
of P invi and in turn those corresponding innermost points in
Pi that best represent the object’s shape. This is shown for
the running example as the solid inner line in Fig. 1d. The
points from Fig. 1b have also been plotted to show the points
chosen by the inverse convex hull.
The points Pi need to be defined relative to some internal
position of the object. This internal position can be found
by finding the mean of the discrete link positions. Such a
method works if the links are applied evenly over the surface
of the object. An alternative method is to find the min-max
extremes of the discrete points and select the mid-point of
them.
The object is represented as a polygon rather than using
some more complicated method. This means that curved sur-
faces can only be approximated but the level of information
that tactile sensors can provide is coarse relative to visual
data and as such although a more complicated representation
could be used it would not provide any extra accuracy.
An alternative method to the inverse convex hull that may
initially be considered but quickly discounted is to discretise
the contact links and simply take the points that are closest
to the centre. The first problem is that by simply taking the
closest points the algorithm will select many points from
the same link, it is more usually the case that only a small
number of points should be chosen. The second problem is
the choice of how many points to take, this value depends on
the level of discretisation and the number of links applied.
The third problem is concave elements in an object, the
algorithm will greedily accept all the concave elements as
they will tend to be closer than the rest of the object to the
centre and will thus ignore the equally important extremes of
the object. The last problem is that the chosen position of the
centre point will greatly effect the resulting shape, shifting
the centre more to one side will then cause the algorithm to
favour points from that side.
A. Error measure
An area error measure is used in the test cases to measure
the performance of the algorithm. If the area of intersection
of the two polygons is calculated as Aint, the area of the
original polygon is Aorig and the area of the calculated
polygon is Agen. Then the area error Aerr is:
Aerr = Agen +Aorig − 2Aint (6)
The intersection area is going to be smaller or the same
size as either the original object and the generated object’s
area. The difference between the actual object’s area and the
intersection area shows by how much the generated object
has entered inside the actual object. Likewise, the difference
between the generated object’s area and the intersection area
shows how much the generated area has overestimated the
size of the object.
A percentage error (Err in (7)) is used as a single glance
review of performance, 0% being the best possible result.
Err =
Aerr
Aorig
(7)
III. ENCIRCLING AN OBJECT
The previous section assumed that the contact positions
of the links of a manipulator are known for various attempts
at contacting the object. In this section an algorithm is
described that can provide such information. The method
described here assumes that the object to identify is within
reach of the manipulator and that the manipulator has suffi-
cient length to wrap about the majority of the object.
The method for gaining contacts described in this section
is based on the movements of an octopus’s arm [8]. The
octopus’s arm has an amazing amount of flexibility but is
only used in relatively simplistic movements [9].
To encircle the object in the planar case the manipulator
must first be straightened out where it will not contact the
object. Then starting with the joint nearest the base of the
manipulator the joint moves towards object swinging the
more distal joints in with it. Upon contact the link maintains
its current position and the next most proximal link moves
inwards. This process repeats until the object has been fully
encircled. The straightening procedure ensures that the more
distal links will not prematurely contact the object before the
current link should.
Multiple attempts at this procedure should be accom-
plished but with the base joint terminating slightly before
its previous stop angle each time. By doing this the position
of the subsequent links when contacting the object will be
shifted in position supplying more information. As well as
multiple attempts at contacting the object with a different
angle each time, it is a good idea to grasp from different
directions as well. This is demonstrated more thoroughly in
the next section.
Contacts are detected here through the use of an open loop
reference controller although alternative methods could also
be used. The open loop reference controller states that there
is an expected amount of angular position error for each joint
during normal operation. If the error breaches this expected
amount then it must be due to a contact.
Each attempt at exploring the object will result in a set of
angles corresponding to the joint angles of the arm upon final
contact. Through the use of forward kinematics the angles
of the joints can be converted into positions in the Cartesian
domain. These link positions then need to be shifted by
an amount corresponding to the width of the manipulator
resulting in two lines for each link of the manipulator. The
outside line will rarely be chosen by the inverse convex hull
and only when exploring concave objects, therefore they have
been left out of any diagrams.
The discussion so far has been about planar manipulators,
the method can be applied to 3D situations as well. The
manipulator will be applied to the object in the same manner
as the 2D case but with a lot more search directions and
iterations such that the entire circumference of the object will
be systematically contacted. The coarseness of the resulting
object will be determined by the amount of directions and
iterations performed.
There are a number of matters that should be considered
as they further complicate the situation. The first is friction
and object mass, this is the friction between the object
and the surface it is sitting on rather than the friction
between the object and manipulator. The object is not fixed
in place, therefore the friction and mass of the object must be
sufficient to provide enough reaction force to the manipulator
to stop its movement enough to cause contact detections but
also not allow the object to move due to that contact force.
Ideally the manipulator should have a low weight such that
Fig. 2. The experimental setup, ready to encircle
Fig. 3. An example of the manipulator that has encircled an object
the contact forces are minimised.
The second consideration is concave elements in objects. If
the manipulator’s width is sufficiently small and the number
of directions and attempts chosen are sufficiently large then
concave elements should eventually be explored due to the
shifting of the end effector caused by the intentional retarding
of the initial position of the most proximal link. Of course if
the manipulator’s width is too large than there is no purpose
or possibility of exploring the concave elements as they
cannot be reached anyway. Exploration of concave objects
has not been further considered here due to the nature of the
experimental equipment but is left as future work.
A. The experimental equipment
Both of the algorithms described will now be used to
calculate the shape of a couple of objects. The experimental
hardware can be seen in Fig. 2 in its straight out configura-
tion. An example finished encirclement is shown in Fig. 3.
The manipulator consists of four modular links each powered
by an electric DC motor coupled to a gearbox.
The actuators are powerful enough to counter gravity for
Fig. 4. The objects being identified
their own particular module but the combined weight of the
modules is too much therefore the robot is restricted to a
planar case such that gravity plays no part in the process.
IV. EXAMPLES OF OBJECT GENERATION
Fig. 4 shows the two objects that are to be identified. The
box shaped object had to be weighed down as its mass was
only 80g which, when compared with the combined mass
of the manipulator (4Kgs), is insignificant. Without being
weighed down the frictional force would cause a position
error that is less significant than the normal operating error.
The length of each module of the motor is 110mm whereas
the length of each side of the cube is only 80mm, whilst the
radius of the cylinder is 63mm. This shows that the link
length is relatively large when compared to the objects and
this may cause the generated object to be rather coarse.
Fig. 5 and Fig. 6 show the results of both the algorithms
when one direction of motion and position is attempted with
four different angles for the proximal link. The cylinder has
been approximated by a 100 sided regular polygon during
the analysis stage. In all the diagrams the positions of the
generated and actual objects are represented in the object’s
reference frame to allow for an easy visual comparison. Also,
bear in mind that the link positions shown in the figures are
not from the centre of rotation of one joint to the subsequent
one. They are the outer position of that particular link of the
robot. The links for this particular robot also extend past
the centre of rotation of the next link by a small amount
resulting in the small amount of extension viewable in the
figures. Both these items account for the links not matching
start and end positions.
Ideally in order to demonstrate the benefits of grasping
from a different direction the grasp would be repeated but
from a different start position and direction. Unfortunately
due to the configuration of the robot this is not possible
but the same effects can be found by mirroring the results
gained from the first example as demonstrated in Fig. 7. This
is a valid operation to do in this case due to the symmetry
of the object although normally this would not be possible.
Fig. 5. 1) The link positions of the multiple attempts applied to a cube
and 2) the generated object
Fig. 6. 1) The link positions of the multiple attempts applied to a cylinder
and 2) the generated object
Normally the manipulator should be moved around the object
by a known amount.
Fig. 8 and Fig. 9 show the results for the situation when
two directions are used. As you can see there is quite an
improvement. If a third direction was attempted at a position
90o around the object then the start position would also be
contacted, which is currently the only part that is largely
wrong.
To demonstrate how important having lots of small sized
links are to these algorithms a simulation was carried out to
contrast with the experimental situation. The experimental
situation had 4 links of length 0.08m repeated 8 times
totaling 32 link positions. The simulation instead has 320
Fig. 7. Mirroring the example motion to simulate grasping from both sides
Fig. 8. 1) The link positions of the multiple attempts, mirrored attempts
applied to a cube and 2) the generated object
link positions of length 0.008m. The results are shown in
Fig. 10. The simulation is limited in that the positions of the
links are randomised rather than connected to each other but
the process does clearly show the benefits of increasing the
number of links.
The area of the square is 0.0064m2 whilst the area of
the circle is 0.0031m2. Table I summarises the various area
errors for the five different cases. Each additional direction
vastly improves upon the accuracy of the object and the
simulation with many small links performs very well with
only the corners being in error. This is caused by the value of
‘a’ during the convex hull algorithm. The higher the value,
the coarser the resulting object, the lower the value the closer
the object resembles the inside shape of the links. In these
results a value of 0.2 has been chosen for all cases, a lower
value improves the error for the simulated case but increases
the error for the experimental results and vica versa.
Each encirclement took roughly 100 seconds, this was
Fig. 9. 1) The link positions of the multiple attempts, mirrored attempts
applied to a cylinder and 2) the generated object
Fig. 10. 1) The link positions of a simulated attempt at encircling and 2)
the generated object
due to the high mass and kinematic coupling. In order to
compensate for these effects the movement must be slowed
down to allow the open loop reference controller to detect
more delicate collisions. If the manipulator was improved by
decreasing the weight and by supplying a velocity reference
to aid in position control then there is no reason why this
time can not be vastly reduced
V. CONCLUSIONS AND FUTURE WORK
A. Conclusions
It has been demonstrated that by using the two methods
described above it is possible to calculate the shape of an
object from the position of the manipulator during multiple
encirclements alone. It has also been shown that increasing
the number of directions and positions of movement during
TABLE I
SUMMARY OF RESULTS
Object and style Area error (m2) Percentage error
Cube one direction 0.0026 40.6%
Cube two directions 0.0014 21.9%
Simulated Cube 0.00021 3.3%
Cylinder one direction 0.0013 41.9%
Cylinder two directions 0.00088 28.4 %
the encirclement algorithm greatly improves the accuracy of
the representation of the object. It has also been demonstrated
that it is far better to have a large number of small links than
a small number of large links.
The algorithms worked well for experimental setup con-
sidering the relatively large link lengths of the robot. The
control algorithms also had to deal with high friction in the
joints and non-linearities such as cogging and backlash in
the gearbox and kinematic coupling. If a manipulator was
designed for grasping purposes and overcame these short
comings then the speed of attaining the contact data and
accuracy of the resulting object could be greatly improved.
A source of error in the experimental situations was caused
by the relaxation of the joints once contact had occurred
for a link. Once contact has occurred the link reverts to
maintaining that position, unfortunately this means there is
now no position error and thus no torque directed towards
the object and the manipulator can move slightly away from
the object. If a small force was still applied directed into the
object, not enough to move but enough to maintain contact,
then that relaxation would not occur and the results should
be improved.
As already mention most of the errors in the resulting
shape were due to poor manipulator design rather than poor
algorithm performance, although even with the few large
links the method works well. The only source of errors due
to the inverse convex hull procedure are at the corners and
this could perhaps be improved upon by selecting a smaller
value of ‘a’ (see next section). Errors in shape generation
are not such a big problem for whole arm grasping purposes
as the control algorithms could take this into account. When
attempting to contact at a planned contact location that in
reality is too far out from the shape, then the manipulator
would find a lack of contact and could then update the
internal representation of object, re-plan the grasp and carry
on.
It is recommended to attempt grasps from as many differ-
ent positions and directions as possible in order that the entire
surface be contacted. In the examples shown above with only
two attempts the start position is not covered. If a third start
position was chosen that was rotated through 90o then the
start position would have been contacted and the resulting
shape made more accurate. As such it is recommended to use
three different positions and directions for the planar case.
In summary the algorithms described work well even for
a robot that has numerous design problems. The methods
described have advantages over existing methods as it re-
quires neither sophisticated external sensors such as cameras
or force sensitive skin nor complex computational activities
to extract the objects shape. The methods do require a certain
amount of patience in order to get a detailed picture of the
object but it does show that a blind robot can see objects.
B. Future Work
Apart from improvements to the control algorithms and
manipulator design there are several extra areas of explo-
ration worth pursuing. It would be useful to explore the
parameter space of the inverse convex hull in an attempt
to find the optimum values of ‘a’, and level of discretisation.
Further work that must definitely take place is the ex-
ploration of more complicated objects that include concave
object. This may require a redesign of the manipulator such
that it has more and smaller links.
A possible improvement to the encirclement algorithm is
also proposed here. Instead of holding the links of the arm
straight out and sweeping them around looking for contact.
The arm should instead begin by doing this but as soon as
the first contact occurs the distal most links from the point
of contact except for a few should curl back on themselves
following the path of the proximal links. As contacts are
found the arm should unravel itself around the object. Given
a smaller manipulator width this method may then be capable
of exploring most object types including concave objects.
Lastly, an interesting area for further future work would
be to develop a force sensitive skin for use in conjunction
with this work and compare the results against the methods
that assume the existence of such a sensor.
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